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NIEFACE TO THE FIUST EDITION, 


P RIMARY BATTERIES form a suUJect lion* whit'll 
much has been hoped, and but little realise^ in com¬ 
parison with the hopes. But oven*so, it cannot iy 
said that the advance has been small ; and consequently 
no apology is offered for the present volume, in which the 
somewhat stattered literature of the subject ha* been 
brought together. 

Recent years have seen important Additions t« the 
theory of the voltaic cell, and therefore a considerable 
number of pages have been devoted to this part of the 
subject, although it is impossible to do more than give a 
superficial sketch of the theory in a volume, like the present. 
The reader who is interested in the theory of ionisation 
should consult such works as those on Electrolysis by 
Le Blanc and b^ Lupke, to which the Autlior desires to 
acknowledge his indebtedness. 

With regard to the practical part of the subject, this 
volume is not intended to be encyclopedic in character; 
the object has been rather to describe those batteries which 
are in general use, or of particular theoretical interest. 
The Author has also attempted to show what the various 
kinds of battery, such as Leclanche Cells and Dry Cells, 
are capable of doing, and to compare the Capabilities of 
one type with another. Very little information is available 
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<m this matter. The Author has therefore%inolude<| a 
number of curves which lie lias obtained experimentally 
(luring the last, few years, an(l*whi('li enable “flftcli com¬ 
parisons to be made. As far as possible, the Author has 
drawit on Ins personal ovpuiotice, in giving practical results, 
which, it is hoped, will add to flic use)ulness of the hook. 

llwmg*to the importance of the subject , Standard Oll^ 
been deah with at some length. Those (ells, how¬ 
ever, winch are no longer in general use are not described ; 

• 

but recruit wink IS siimnisiised in some detail, so as to give 
a fillip lea of onr know ledge up to the present*!mic. 

It has also been thought well to devote a (’hapter to 
<hibim ('oiismnufg (ells Vcrv little lias been written 
upon this subject, but it is ol gnat inteiest, and possibly 
of gioat importance m tbe futuio. 


W. II. h OOP Eli. 


LoNHoN, Tier, , l'.ltll. 



PREFACE TO THE SEO(TNI) EDITION, 


A LTlIOVtlH piiiirri'sx in ruin.iu Itattcncs has urn l«rn 
li!arl;i>] by all v' staillm" *!■• •.<•]< >| mu' lit «ynr i (,.■ 
date ill thr tiiM edition ill il.ss win||,'i, ha:.m-\ 
did"- ln'i'H 1 1■ ai!\ pinjh"s\, ami <.1 >ii-,i-i|m-1dK many 

pn'si'iit ilav batti'iii's am nny Mipi'iiin tu then pn',|r- 
Cimniisu! Ih Veals a'Ci, Fill tills li aMlII It lia.1 lll'l'liv'llliliii 
li'Mi-NMiv tn mwiite Mini" of tlir mitt inn- ami in .ininii'i 
nt Inns to a i misideialilc ".Nii'lit. 

A ( laijit"; has lien added nn Si'li'iiium (Vila, 'lira 
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information has been placed at niv disposal hy many 
manufactiueis. 
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CHAPTER-1 

HISTORICAL. 

.At the close ol the nineteenth century there was appa¬ 
rently no connection between chemical and electrical energy, 
the knowledge of electricity being altogether restricted to 
statical phenomena Consequently the voltaic cell arose, 
not as the result of mature reasoning based upon known 
facts, but rather as the outcome of a chance observation by 
GalvanL That philosopher observ ed that recently-skinned 
frogs, in the neighbourhood of an electrical machine, moved 
whenever an electrical discharge took place; and, later, 
that frogs’ legs, hung by a copper wire to an iron 
balcony, were convulsed whenever they touched the iron. 
From experiments conducted in 178 b it appeared that 
these movements could lie reproduced by connecting the 
muscles and the nerves by means of a metallfc arc, or with 
an arc partly metallic and partly non-metallic, as, for 
instance, a metal and a moist piece of wood. To account 
for these phenomena Ualvani* supposed a separation of 
positive and negative electricity to take place at the 
junction of nerves and muscles. This view was shown to 
be erroneous by Volta, who found that such a movement 
also resulted on connecting two parts of the same a ijsclo 
by an arc of two metals, such as iron and copper, which 
thus included a metallic junction. He therefore pro¬ 
pounded the idea (known as Volta’s ContactCheory), that 

• Volt*. PUL Tran,., 1793, Put 1. v. 10. 
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the observed movements are generally due w a roroe 
arising from the contact of dissimilar metals, and, in support 
t of this hypothesis, he, constructed in 1799 and described 
in 1800 a form of jlry battery, known as Volta's Pile,* 
conhftfing of discs of zinc, wet cloth and copper. These 
wetg placed, one absve the other, in the order given, so 
that a jriece of Vet cloth was always encountered in passing, 
say, from zinc to copper, but not from copper to zinc on 
lontinuing in «the same direction. Thus a large number 
of cells were coupled (as we should now say) in series, and 
a high E.M.F. resulted, due, according to the theorjf, to, 
the contacts between the zinc and copper plates. 

It Is, perhaps, fortunate that wet cloth was used in this 
pile rather than apparently dry paper, as employed by 
Zamboni (viz., paper with zinc on one side and manganese 
peroxide on the other), for it is a comparatively small step 
to pass from wet cloth to a simple electrolyte, as used by 
Volta in his “ crown of cups,"* In this arrangement salt 
water was contained in a series of cups, the zinc and 
copper plates of the pile being immersed in the electro¬ 
lyte, and the zinc in each cup being connected to the 
copper in the next Each cup therefore contained the 
three elements present in the pile, and formed the first 
example of the simple voltaic element 

In 1801, Davy experimented with acid electrolytes, hut 
they were not readily adopted. The difference between 
41 intensity" and “quantity” was recognised at an early 
date, and various slight modifications were introduced by 
. Wollaston, Hare and others with the object of reducing 
the internal resistance. 

•Kempt, followed by Sturgeon} in 1830, drew attention to 
the important diminution of local action brought about by 
the amalgamation of the zinc plates when used in acid 

PUL Tmu., 1 WO, Part* p. 403. ’ 

t AmtU nf a*riait), YoL L, p.«, 1836-7. 

• t IMAYoLftw88.1836-7. 
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•Autions. 'The well known cells of Daoiell* end of Grovef 
were described by their inventors in 1836 end 1839 
respectively. They mark an epoch^ owin^to the application, 
■of depolarisers in a really practical manner. The true 
principles underlying polarisation* appear to htftr been 
realised by Becquerel at an earlier date; in fact, as eajly as 
1B29.J he described oells of the Daniel) type, but these 
cells were not very practical. By very different reasoning 
Daniell arrived at the same result, bi\^ seeing to hive 
realised more fully the conditions necessary for success. . 

. The Smee cell appeared in 1840. In the same year the 
Grove cell was modified by J. T. Cooper,§ who substituted 
■carbon plates for the platinum foil. This form of cell is, 
however, generally known by the name of Bunsen, || to whom 
-we are indebted for the much-used bichromate battery,f 

The Leclanchd cell did not appear uhtil 18G8, but has 
been more productive than any other element in the 
number of modifications that have arisen from it. These 
include the important class known as “dry cells." A 
large number of attempts were made in this direction 
before success was achieved.** Minotto used sand and 
copper sulphate; Wolf, Keiser, and Schmidt tried sawdust 
or cellulose; Desruelles filled a Leclanchd with asbestos 
and spun glass, and Poliak made use of a gelatine glycerine. 
The first really successful dry cell was the Gassner, which 
appeared in 1888, and since that date the value of this 
•ckat of cell has steadily improved, so that enormous num¬ 
bers are manufactured at the present day. 

A number of attempts were made from about 1886 to 
1888 to obtain electric light commercially from primal? 
batteries. The results, however, were not eucoueaging, 
and very little has been done in that direction. 

• MS. JVom., 1836, Fwt t, p, io#. 

t m. K*e-, 3rd Swim, VoL XV.. p. 287,1830. 

J Awaits dt Chimis st 4s Physios, VoL ILL, p. 8, 1828. 

• 1 PM. Mtf., 3rd Swiss, TsL XVI., p.36,1840. 

• iwte, VoL XXX VQL, p. ill. 184L • 

■T Pcgt. Am ., Vol CXXXt, p. S66,1843; sad Vsl OiV, p 333,1874 
*• TU KUtricUm. Vol XUL.P. 188.1839. 
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Id the domain M exact electrical measurement, standard 
cells play an important part ij providing a convenient 
standard of electrical pressure. At first the Daniell cell 
was developed for this purpose, particularly by Prof. J. A 
Fletifirfg. Later the Clirk cell, due initially to the late 
Latimer Clark, was Jpund to be much superior; but this 
has now been'practically superseded by the Weston'or 
cadmiurg cell, due to Mr. E. Weston, whose name is so well 
l|nowu%n connection with moving coil instruments. 

Turning now to the theoretical aspect of the voltaic 
cell, we find that Volta’s Contact Theory was generally 
accepted on the Continent as the true explanation of 
Galvani’s discovery and the allied phenomena. But there 
were many, notably in this country, who were disbelievers 
in the contact theory—among the number Fabroui, one of 
Voltu's countryihen, should not be forgotten. As early as 
1800 Nicholson* observed that chemical action took place 
in both the dry pile and in the “ crown of cups.” Davy+ 
and Wollaston} in 1801 both insisted upon chemical 
action as being essential to voltaic combinations, and the 
same line of thought was vigorously upheld by Faraday in 
his “Experimental Researches” at a later date. In this 
way {here sprang up a school who practically denied the 
existence of contact force, and who asserted that a current 
was produced only by chemical action. A dispute, lasting 
over half a century, arose between the supporters of the 
Contact Theory on the one hand and those of the Chemical 
Theory on the other. It was not marked by any decisive 
victory—a fact which is not surprising, for each side 
denied, without sufficient ground, a good deal that was 
claimed by the other, and which has since been shown to 
be true. But a great deal of valuable scientific work was 
carried out in support of both of these theories, until, 
finally, the ^supporters on either side gradually came to 

* PHI. M»J., l7t Series, Vol. VII., p. 537, 1800. — 

t PUL ZV*« , 1801, Part 2, p. J97. 

1 J IM., 1801,‘Part 2, p. 427. 




HISTORICAL. 


5 


adn^t that titith was also to be found among th?ir adver¬ 
saries. When the Principle of the Conservation of Energy 
arose, then mere contact aould no longer be regarded as a 
source of energy. On the other hand, the # measurements 
„of Kulilrausch an 1 later investignVirs establish^ the 
existence of contact force. The controversy, therefore, 
died a natural death, only to give place to another, which 
is still undecided, upon the seat of the electromotive 
force. 

In 1851 Lord Kelvin (then Prof. William Thomson)l 
published his important paper on the dynamical theory of 
electrolysis, and more recently the voltaic cell lias been 
considered in the light of thermodynamic principles by 
Helmholtz, Gibbs anil others. . 

In 1887 Arrhenius )dought forward his theory of 
ionisation, which soon found support in the analogy, first 
pointed out by Van’t Hoff in the sum# year, between 
osmotic and gabions pressures ; and in 188!) Nernst com¬ 
municated to the Prussian Academy of Sciences his 
method of calculating the, E.M.E. of various cells. This 
theory is of very great interest, and has received a deal of 
attention owing to the important hearing which it has, not 
only upon voltaic electricity, hut also on the theory of 
solution and other kindred problems. 




CHAPTER IL 


THE SIMPLE VOLTAIC ELEMENT. 

Chemical and Voltaic Action, p. 7.—Definitions, p. 9.—Voltaic Reactions, 
p. 16.—Electrolyai* and the Orotthus Theory, p. 16.*-Electro-chemical 
Series, p. 18.—Electro chemical Changes in the Simple Voltaic Cell, 
p. 19. 

CHEMICAL AND VOLTAIC ACTION.-,Whcn commercial 
zinc is immersed in dilute sulphuric acid it is dissolved, 
zinc sulphate is formed, which passes into solution, and 
hydrogen is rapidly evolved. At the same time energy is 
liberated and appears in the form of heat. This case of 
solution may be regarded as an instance of ordinary 
chemical action. 

Electricity in motion being another form of energy, the 
possibility of tnyiaforming the heat of sued) a cfiemical 
reaction into an electrical current at once suggests itself, 
although the mode of transformation is not obvious. If 
we replace commercial zinc by the purified metal, we find 
that very little hydrogen is evolved on dipping it into the 
sulphuric acid; or, in other words, both the chemical 
action and the liberation of energy are slight. Now dip 
a piece of platinum also into the acid, as shown ir^Fig. 1, 
without touching the zinc. The reaction is unaffected; 
but if metallic connection is made between the upper end 
of the platinum and that of the zinc, the, latter is dis¬ 
solved, and a rapid stream of hydrogen comes from ths 
platinum in addition to that which previqpaly came frojn 
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the zinc; anti it may be shown that a current of* electricity 
flows at the same time from the platinum through the 
connection to the zinc. This inaction, however, only 
1 takes place whefl the Circuit is closed. The platinum, 
although apparently attacked, is unaffected ; but the zinc 
is now rapidly dissolved. Yet no heat is evolved in this 
additional reaction (due to the reaction itself), for this 
heat is now converted into electrical energy. 

JVe mySt therefore distinguish between two classes of 
chemical change,.* The first is exemplified by the solution 
*of the zinc when it is not metallically connected with tlyj 
platinum, in which case the heat evolved cannot he 



Fro. 1.—Voltaic Solution of Zine. 


utilised electrically. The second case arises when the zinc 
and platinum are metallically connected. Increased 
chemical action then takes place; but the increase differs 
from the original reaction in that the energy liberated is 
now capable of doing work in an external circuit and is 
under control. It differs, therefore, in a marked way from 
ordinary chemical action, and may be termed electro¬ 
chemical or voltaic action. 

If perfectly pure zinc could be obtained, it is probable „ 
that sulphuric atyd alone would be incapable of dissolving 
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iff In such a case, solution would •take place only on 
completing the circuitous already described, with a plate 
of platinum, or with some other Quitahl* conductor. TJ)a 
reaction would then ho entirely electro-chemical or voltaic 
in its character, lint, since ulwofutely pure zino*ik not 
obtainable, chemical solution always takes place tojiome 
slight extent without closing any external circuit* 

This distinction between chemical and voltuia action is 
convenient, but, in some respects, artificial. In tltc camjof 
impure zinc, the metal dissolves owing to the presence of 
impurities which may be looked upon us forming small 
voltaic couples, as described in Chapter III. Consequently, 
the reaction, when impure zinc is immersed in sulphuric 
acid, is really voltaic; but the current Hows in what may 
he termed short-circuited elements, llie external circuits 
of which are through the metal itself, and so cannot lie 
coiitiolled. Therefore the electiieal energy is completely 
transformed into heat. From similar considerations it 
appeal's that a great many chemical actions are really 
voltaic in their origin. The electricity generated is, how¬ 
ever, only available under certain conditions, and we shall 
therefore find it convenient to adhere to the distinction 
already laid down. 

DEFINITIONS.—A primary battery, or cell, may be 

defined as a device for the direct transformation of 
chemical euergy into electrical energy. Electricity is 
also obtainable from chemical energy through the medium 
of thermopiles, steam-driven dynamos, &c., but the trans¬ 
formation is then an iiuiired one. In a thermopile, 
chemical combination gives rise to heat, and then* to 
electrical energy, while a steam-driven dynamo necessi¬ 
tates not only the generation of iieat, ^but also the 
conversion of this heat into mechanical, and thence into 
Electrical, energy. Since a certain loss of energy always 
occurs in a transformation of this kind,*t follows thifc 
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the most direct method of production is generally the 
most efficient, and therefore a prjjnary battery has the 
(possibility of at higher efficiency than many other 
ecneriitors in common use. 

The’ (hrcetion of flow of an electric current is deter- 
ininei^in u conventional manner by reference to certain 
'jjhcuomergi which are reversed by a change in the direc¬ 
tion. We tire thus able to say that in a cell, consisting 
of Jine ami platinum in dilute sulphuric acid, the current 
in the external circuit flows from the platinum to the 
zinc, Imt in the cell itself the current flows from tlib 
zinc to the platinum. The junctions of the external 
circuit with the buttery plates are generally called the 
poles of tin; battery; and, as we are most generally 
concerned with the flow of current in the external circuit, 
the platinum pole, or upper end of the platinum plate 
(t.r., the plate by which the current leaves the cell) is 
called the positive pole, and the zinc pole, or upper end 
of the zinc plate, is called the negative pole. 

But the zinc plate of a battery is, nevertheless, often 
spoken of as the eleetro-positive plate, simply because zinc 
iu contact with copper in air becomes positively charged. 
There the, however, other reasons why the zinc plate 
Bhould be so designated. As stated above, the current 
within the cell itself flows from the zinc to the copper; 
and, moreover, it is the zinc that dissolves. It may, there¬ 
fore, be looked upon as the chemical source of the current. 
Consequently, when considering the working of a cell, it 
is,preferable to speak of the zinc as the positive plate; 
and, in general, it may be said that the positive pole of a 
cell—*viewing it, as it were, from the external circuit— 
forms part of what is called the negative plate when 
looking at the cell from the point of view of its internal 
working. Thus the platinum in a simple element is the 
positive pole, but the negative plate; similarly, the zinc is • 
thS negative pble, but the positive plate. To avoid 
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confusion, tliis distinction must be carefully borne in mind. 
It is better to use the terms “ electro-positive ’’ and 
"electro-negative” ratter than "positive” and '‘nugative"j 
when referring to the plates. 

That force which causes the cuftent to How id My cir¬ 
cuit is termed the electromotto for®#, or, more briefly, E. M.E. 
ftny cell in a normal condition has a certain EM.>"7more, 
or less definite in its value. This depends maiflly on the* 
chemical reaction taking place, and is wholly independent 
uf the dimensions of the cell or size of th’e plate#. 

. Every cell has a certain resistance, called the Internal 
resistance, which impedes the flow of current when the 
circuit is closed, and which is electrolytic* in its nature. 
If E is the K.M.F., r the internal resistance, and C the 
current flowing when the cell is closed through an external 
circuit of resistance R (containing nod*!.M.F.), then, since 
Ohm’s law is true for electrolytic resistance, we have the 
general relation: 

C-.J- 

0 K + r 


Consequently, the smaller the internal resistance tho 
greater the current for a given external circuit. The mag¬ 
nitude of the internal resistance depends upon the size of 
the plates, upon*their distance apart, and upon the specific 
resistance of the electrolyte 11 is diminished by increasing 
the area of the plates or by decreasing the distance between 
them. 

A metallic conductor along which a current is flowing 
is in many ways analogous to a pipe through which water 
is being forced by a difference of pressure at the two 
ends. The flow, in the latter case, does not depebd. upon, 
the abeolute values of the end pressures, but upon their 

difference. For example, if a reservoir discharges into the 

- #-- 

* Any compound body which it decomposed by the passage of m electric 
current, flowing between electrode* is termed an electrolyte. The internal 
resistance is electrolytic because every cell contains some electrolyte, 
such as dilute sulphuric acid. 
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open air through an erifice 10ft. below the suriace oi 
water, we say that the water is flowing due to a head of 
lOfJ. We arc not«coiicuiped with the absolute pressures, 
ami consequently wc neglect the atmospheric pressure, 
which fcfcbmmon to botti sides of the orifice. So also in 
a watjt pipe, the flow. depends upon the difference of t 
•jiressuic a^ the ends. 

Similarly* when a current of electricity flows along a 
wild between any.two points, the flow is proportional to 
what is termed the difference of potential between the two 
points. This statement is embodied in Ohm’s law. With* 
the absolute values of the potential itself at the two points 
we are not concerned, only with the difference. This may 
he defined as the work done in moving unit quantity of 
positive electricity from one point to the other in the 
direct ion from low to high potential. But such a definition 
corners very little idea of the term under consideration, 
and for practical purposes it seems preferable (though not 
wholly correct) to look upon potential difference simply 
as the cause of flow in the conductor. 

The reader very naturally enquires: Why introduce 
the term potential iliflerence when there is already the 
similar cpmutit^', E.M.F., also causing the current to flow? 

In reply, it may lie said that the E.M.F. of a cell, or of 
any other source, gives rise to the current and also to the 
various potential differences in all parts of the circuit, just 
as the head of water at a waterworks causes the flow of 
water and differences of pressure in the system of pipes 
connected with it. In the latter case we should say there 
exists a iliflerence of pressure in the main between any 
two points, but we should not say that a certain head of 
water exists in that part. Similarly, in a metallic conductor 
at a uniform teijijieratnre, forming the external circuit of a 
cell, it is preferable to say that a potential difference exists 
l>ctween any two points It may be said that the current * 
flovfs by reason of the potential difference, or equally that 
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iie potential difference arises by reason o! tne current 
flowing. The two statements are merely the result of 
looking at the same*thing from two different points of 
view. But tlie K.M.F. does not lend itself to a simflar 
statement, for it is the prime cauSe of all the pltawmeiia. 

It is the sum of the potential differences rouud the 
circuit. If a wire containing no source of T5.M.F. # 
lietwcen two points of a circuit were to %!Coim* a* 
perfect conductor, the potential difference lietwcen t^ose 
points would vanish; hut the existence of any EM.F^ 
in this part of the circuit would not he affected by such 
a change. 

By the correct use of the term potential difference the 
reader will maintain a mental separation lietwcen cause and 
effect, thereby gaining a clearer conception of the facts, and 
will at the same time avoid such cumlietsome and confusing 
terms as “terminal K.M.F.,” “total K.M.F.,” &c., which are 
sometimes employed. 

For a given metallic circuit at a uniform temperature 
the potential difference between any two points, when 
a current is flowing, is proportional to the resistance. If 
V is the potential difference at the terminals, or poles, of 
a cell when closed through a resistance I!, have a 
fall of potenttal V through the external circuit, and 
therefore, by (lion's law, 

• V=CU.(1). 


But we have also 


whence, from (1) 


K+r 

RC+rC=E; 
V+rC = E, 

„ E-V 


This indicates that, notwithstanding th% fact that the 
internal circuit is complicated by the electromotive force, 
wherever that may be assumed to exist, yet the ciurent 
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may be regarded a£ due to a foil of potential E —V 
over the internal resistance r. Consequently, we have 


« 




V ‘ 

It’ 


E—V_ r 
v '“S’ 


or V = 


E 



from $is relation we see that when the value of E is 
infinite—that is,'when the cell is on open circuit—the 
'potential difference is equal to the KM.F. This is also 
approximately the case when the external lesistance is 
large compared with that of the cell; and, consequently, 
in practical work, the E.M.F. is often found with sufficient 
accuracy by means of a high resistance voltmeter, 
provided the E.M F. does not suffer any appreciable 
change due to the small current which, of course, must 
be generated. 

As the value of the external resistance is diminished, 
the potential difference becomes gradually less in value 
than the EM.F., and becomes zero in the extreme case 
when K=0, or the cell is short circuited. The whole fall 
of potential then takes place within the cell, and the 
whole of the energy is dissipated in the .form of heat in 
the internal circuit. There is one case in which the 
potential difference is always equal to the E.M.F., viz., 
when r= 0, or the internal resistance is zero. Conse¬ 
quently, if it is desirable to have the potential difference 
constant for different currents, the battery should be made 
with very small internal resistance. A case of this kind 
is seen in large secondary cells and supply station 
batteries. 

The letters P.D. are sometimes used as an abbreviation 
for the term potential difference, and, owing to the many 
analogies with hydraulic distribution, the same quantity is , 
often termed electrical pressure, or pressure simply. Thus 
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•ve speak* of a current at a pressure pf, say, 100 volts, or a 
current at 100 volts. But the expression “ a current of 
100 volts " is incorreSt, although often # used, and is really 
without meaning, One might as reasonably describe‘the 
passage of water through a pipe * us a flow </*l<M>ft," or 
whatever the head might l>e. 

VOLTAIC REACTIONS.— In considering a # Simple ele^ 
incut, suclt as results by dipping zinc and platinum ]i^ttes 
into dilute sulphuric acid, we have seen that the zing 
dissolves when a current is produced; but the hydrogen, 
instead of being given off at the surface of the zinc, is 
evolved from the platinum. Thus a reaction takes place 
which is very distinct from ordinary chemical reactions. 
Changes of a similar kind take place in electrolysis, or 
when a current is caused to flow through an electrolyte. 
For example, if two plates or electrodes of platinum dip 
into dilute hydrochloric acid, and a sufficient potential 
difference is applied to them, a current flows and the acid 
is decomposed. But the decomposition does not take 
place at all points, and the constituents of uny molecule 
do not come off in close proximity. Decomposition only 
takes place at the two discontinuities where thg electro¬ 
lyte joins the remainder of the circuit. “Thus chlorine 
is evolved at the anode surface, or where the current 
enters the electrolyte; and hydrogen is evolved at the 
cathode surface, that is, where the current leaves the 
electrolyte. Decomposition only takes place at these two 
surfaces; and, consequently, any theoretical explanation 
of the phenomena must Ire based upon some mechanical 
conception which will sufficiently account for thig wide 
separation of the constituents of a molecule. 

Owing to the qjose connection between voltaic and 
electrolytic action, we shall do well to briefly consider 
the explanation of the main facts of electrolysis befon 
discussing further the reactions in a voltaic celL 
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CONSIDERATION OF ELECTROLY8IS Aim TBS 

THEORY OF OROTTHOS.-In 1805 Grotthus put forward 
^ an hypothesis which represents * the facts with some 
ac'curacy, provided certain assumptions are made with 
regards the moleculapstate of the electrolyte. Unfortu¬ 
nately we know very little about t.ho tme nature of'a 
t moleSidt*. l!y the union of dqual volumes of hydrogcit 
• and chloAne, hydrochloric acid results, and therefore it is 
coavonieat to graphically represent a molecule of this acid 
t as H-Cl, a bond of union uniting the atom of hydrogen 
to that of chlorine. But we have no knowledge as to tlie 
character of this bond; nor do we know whether the 
marked want of symmetry here indicated really does 
exist. But, assuming that molecules differ in some 
physical property according ms they are examined in one 
direction or another, then we should expect that in a 
liquid under ordinary conditions there would he no fixed 
arrangement with regard to this property. For example, 
suppose that a molecule of hydrogen chloride display# 
hydrogen to the observer when viewed in a certain 
direction, and chlorine when the opposite side is seen: 
then, in a solution of hydrochloric acid, we should generally 
expect khe molecules to be facing in all directions. Some 
would show liydrogen, some chlorine, »and some both 
hydrogen and chlorine, when viewed from any given 
point 

When a potential difference is applied to electrodes— 
for example, platinum plates placed in an electrolyte— 
Grotthus supposed the molecules to assume a polarised con¬ 
dition, forming chains from one electrode to the other: thus 
the lydrogen of any molecule in a chain of H-Cl would face 
the cathode* and the chlorine the anode Such an arrange¬ 
ment is indicated in Fig. 2, which represents a section of 
the electrolyte<n a direction perpendicular to the electrode 

* The electrode by which the current enters an electrolytic cell is called * 
the anode, and that by which it leaves i« termed (be cathode. 
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plates (which we may suppose placed parallel to each 
other). If the applied .potential difference is sufficient, 
the attraction of the cathode for ths hydrin and of the. 
anode lor the chlorine overcomes tlnj affinity which holds 
these elements together as a molecule, and decomjxmition 
takes place. As the hydrogen goes to the cathode it leaves 
a chlorine atom in a state of semi-freedom, and th» latter, 
under the inlluenee of the applied jioteiitial difference, 
uuites with the hydrogen of the adjacent molecule^ giving 
i iso to a second free atom of chlorine in a similar state : 
this acts upon the next molecule, and so on, until the last 
chlorine atom at the end of the chain is liberated at the 
anode. The decomposition may be looked upon as starting 
simultaneously at both ends of the chain, followed 
immediately by the intermediate decompositions and 
recompositions described above. ' 



Fig. 2.— The Hypothec* of Qrotthua. 


Such a theory easily accounts for the evolution of 
electrolytic products at the‘electrodes only. It is also 
in accordance with Faradays law of definite electro¬ 
chemical action; for if we suppose every bond to be 
capable of carrying a definite quantity of electricity or 
being charged with what may be regarded as a unit* 
charge, then the amount of decomposition during any 
given time will always be directly proportional to the 
quantity of electricity passing during that time. Further, 
Farpday s law of electro-chemical equivalence also hold* 
fqr a trivalent atom—like aluminium—will have a capacity 
of three units, a divalent atom—like caiciulh—will carry* 
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two such quantities, while hydrogen or chlorine, being 
monovalent, will only carry a single unit. Consequently, 

« the liberation‘of any'atoin of a given valency will require 
the qp me quantity qf electricity as any other of the same 
valency; but the liberation of a divalent or trivalent atom 
trill respectively require two or three times the quantity 
necesrary for the liberation of a monovalent atom. Thus 
the mhnber of coulombs sufficient for the liberation of 

t f 

1 23 grammes -of sodium will liberate only 40/2, or 20, 
grammes of calcium, 23 and 40 being the respective 
atomic weights of these metals; and a given number of 
coulombs will always liberate the same number of 
gramme atoms of, say, sodium, potassium, chlorine and 
bromine, because these elements all have the same 
valency. 

The Grotthus theory, as we shall see later on, does not 
sufficiently explain all the facts of electrolysis, hut it is 
often an advantage to represent electro-chemical reactions 
in the light of such an hypothesis, even though it may not 
be correct, and we .shall, therefore, frequently make use of 
this theory in the consideration of such reactions. 

The electrolysis of hydrochloric acid, as above considered, 
is a very simple case. Electrolytes iirp frequently far more 
complicated; hut the action of the current, in the first 
instance at least, invariably consists in splitting the mole¬ 
cules into two parts, which Faraday called the ions. The 
ion which goes to the anode is known as the anion, 
and may be termed electro-negative with regard to the 
» electro-positive ion, or cathion, which goes to the cathode. 
These ions may be simple, as in the case of hydrochloric 
Aid, or they may be complex. For example, sulphuric 
acid, HjSO,, may be split up into the cathion H and the 
anion HS(L, or into two monovalent H cathions and one 
divalent anion, via., SO», 

BLBOTBO : OHXKIOAL BBBIBS.—It is an important fact 
* that if any two metals are placed in contact, one of them 
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(which we shall call the first) is found'to be positively 
charged relatively to the atcond and is said to be electro¬ 
positive ; equally the second is said tb be elhctro-negative • 
to the first. Similarly, if two such metals are dipped jnto 
an electrolyte and their exposed ends are connected metal- 
licaHy so as to form u cell, the electropositive metal tends 
to form anions to go into solution), cations .being 
deposited on the electro-negative metaL Fertile*, it is 
found that electro-positive elements tend to form chemical* 
bases, whereas electro-negative elements ore relatively acid. 
In all cases such properties are purely relative, for no 
element is inherently electro-positive or electro-negative. 

It is only so in relation to others. As the result of 
suitable experiments the elements may be arranged in a 
series such that any one of them is electro-positive com¬ 
pared to all those that follow, while it is electro-negative 
with regard to those which precede it. In the following 
series, which is given by Dr. G. Gore, the order must not 
be looked upon as perfectly invariable- it dejiends to 
some extent, at least when considered voltaically, upon 
the temperature, and upon the nature and concentration 
of the electrolyte:— 


Electro chemical Seriet. 


+ 

Caesium 

Magnesium 

• 

Nickel 

Hydrogen 

Rhodium 

Selenium 

Rubidium 

Aluminium 

Thallium 

Mercury 

Platinum 

Phosphorus 

Potassium 

Chromium 

Indium 

Silver 

Osmium 

Sulphur 

Sodium 

Manganese 

Lead 

Antimony 

Silicon 

Iodine 

Lithium 

Zinc 

Cadmium 

Tellurium 

Carbon 

Bromine 

Barium 

Gallium 

Tin 

Palladium 

Boron 

Chlorine 

Strontium 

Iron 

Bismuth 

Gold 

Nitrogen 

Oxygen 

Calcium 

Cobalt 

Copper 

Iridium 

Arsenic 

Fluorine 


BLEOTEO-CHBMIOAL CHANGES IN THE SIMPLE 
VOLTAIC CELL.—We are now in a position to consider 
farther the reactions taking place in a sinfple cell 
Voltaic action, or the action occurring in primary batteries, 
may be looked upon as a case of reversed electrolysis. 
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By the application of a sufficiently high E.M.F. to two 
platinum electrodes dipping into dilute hydrochloric acid, 
decomposition of thh acid is effected, hydrogen ions being 
Ij^watod at the cjthode and chlorine ions at the anode. 
This is indicated in Fig. 3, the E.M.F. being applied by 
•means of a battery* B. • 

Iww replace the anode by a rod of pure zinc, remove 
the jSitlery, and complete the external circuit by joining 
the zinc rial with a wire to the platinum cathode. The 
decomposition again takes place, but the application of an 
external E.M.K. is no longer necessary. Its place is 
supplied by the internal E.M.F. of the cell. Hydrogen is 


Anoda or 
■f Electrode (Pt) 
Chlorint •▼ottod. 



Cathode or 
—Electrode (Pt) 
Hydrogen evolved. 


Fio. 5.—Klectrolywji of HCL 


still given off at the platinum or negative plate, as 
indicated in Fig. 4, but chlorine is no longer evolved. 
The latter combines with the zinc to form zinc chloride, 
which passes into solution, and we must regard this 
combination as being very closely connected with the 
production of the observed K.M.F. . This solution of the 
metal it) voltaic action is perfectly definite for a given 
quantity of electricity, being in accordance with Faraday’s 
laws ot electrolysis. The reaction is further indfe&ted 
diagrammatically in Fig. 5, according to the Grotthua. 



TBB SIMPLE VOLTAIC BLEU BUT. 


21 


* 

theot}. As zinc is divalent, two molecules of HC1 must 
be split up to give one molecule of ZnCI,. The two H ions 



liberated at the platinum plate combine to form hydrogen 
gas, which is evolved. 







_ 

C$M 

Cl’;>H 

CljjH 

: r— 

CljjH 

CljjH 

CljjH 

i : 


Flo. 5.—Simple Cell with Hydrochloric Acid. 

If the electrolyte is dilute sulphuric acid, instead of 
hydrochloric acid, zinc sulphate' results in a precisely 
] > 1 : 

-, r -,,--- 

so 4 !:h, ao 4 ijH, 8d,:k, 

... .JL._ Jw——j ...... 

Fio. 6.—Simple Cell with Sulphuric Acid. 

similar manner. This is indicated in Fig. 6. But the 
cash of electrolysia of this acid differs from that of 
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hydrochloric, acceding to the older theory of electrolysis. 
The liberated ions in this cas$ are hydrogen and SO,. 
, As, however, the latter cannot exist by itself, nor yet by 
'combining with itself, it apparently reacts with the water 
whl£h is present, re-forming sulphuric acid and liberating 
oxygen. These changes are represented in Fig. 7 (i in 


; Hip Ki I 



Flu. 7. -Eleetroly hu» of Dilute Sulphuric Acid. 

which the SO, is regarded as combining with the hydrogen 
from two molecules of water, leaving two hydroxyl ions 
free. These tw« Oil ions combine together to form water, 
and at the same time oxygen is liberated. Thus the 
result of electrolysing dilute sulphuric, acid with electrodes 
which are not attacked, such as platinum, is the evolution 
of hydrogen and oxygen. To a superficial observer it 
would seem that water alone is being decomposed. 
According to the older view it is preferable to consider 
that the acid is really the compound which is being 
decomposed, and that the liberation of .oxygen is only due 
to what is termed a secondary electrolytic reaction. Such 
secondary products and reactions are of frequent occurrence 
in both electrolytic and voltaic action. On the other hand, 
according to the more modern theory, it is now commonly 
held that electrolysis in such cases is simply the electro- 
, lysis of water, the effect of the salt or acid being merely to 
render the water conducting. 

•The various forms of simple elements and other cells 
will be considered later, but it may be remarked in 
passing that a simple element usually consists of two 
metallic plates, one of them electro-positive to the other, 
immersed in a single electrolyte, generally an acid. 
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LOCAL ACTION. POLARISATION? 

Local Action, p. 23.—Aiiiulmnmtion, p. 24.—l’nlarinAtion, p. 26.—Pefjolut 
rwalion, p. 30.—Liquid I)»qplanner*, p. 32. - Solid l)e|K>iar inera, p. 34 
■*—Oaaftoua Depolarizer*, p. 36. -Mechanical Depolametiou, p. 35. — 
Variation of Internal UeHiKtance, p. 37. 

LOCAL ACTION.—We have seen that when a rod of im¬ 
pure zinc is placed in dilute hydrochloric acid it dissolves ; 
and if such zinc is employed as the^ electro-positive 
plate iu a simple element it dissolves, even when no 
current is la-inn produced. Coiisei|iieiitly, when the cell 
is in action, the loss of zinc is greater than is demanded 
hv Faraday's law of definite electrolytic decomposition. 
This solvent action, which supplies no energy to the 
circuit, is called Local Action, anil is due Pi the formation 
of local \oitaic circuits. 

The way in who'll these local circuits are jprmefl will 
be understood hv referring to Fig, 8, which represents a 
line rod immersed in dilute hydrochloric acid, or any 
other electrolyte. 

Suppose the jioint A to be pure zinc, and B to be an 
impurity which is electro-negative to zinc, such as lead: 
then A, B, form a small voltaic cell, having hydrochloric, 
acid as the electrolyte. The external circuit in this case 
is closed through the zinc rod, and, consequently* a 
current flows through the electrolyte, from A to B, and 
the zinc at A is rapidly dissolved. 

As already remarked, many cases of chemical actios 
are due to the same cause. In batteries local action 
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is not restricted *to acid electrolytes. It will obviously 
take plate whenever a plate attaining electro-negative 
.impurities is «broug!it into a suitable electrolyte, or 
mixture of electrolytes, such that the combination so 
forilftil is capable of acting as a voltaic cell. For 
example, local action *will occur if impure zinc is placed 
in a hot solution of ammonium chloride, or caustic potash, 
but that action is far less pronounced in a neutral or 
flkalirih electrolyte than in an acid. 

AMALGAMATION.—In 1828 Kemp,followed by Sturgeon, 
introduced the only effective remedy against local action 
with which we are acquainted, viz., amalgamation of the 



zinc. . This is readily effected by immersing the zinc in 
dilute acid* and rubbing mercury upon' it with a piece of 
rag. When a bright surface has been obtained, it is found 
to be no longer attacked, notwithstanding any impurities 
which may be present. 

No complete investigation appears to have been carried 
out as to why the mercury should afford so complete a 
'protection against the solvent action of the electrolyte. 
Iivits voltaic properties the zinc appears to be practically 
unchanged. For example, the initial E.M.F. of a Clark 
cell is nearly the same whether the zinc is amalgamated 
or in its ordfnary state. Wright* found that amalgamation 
lowered the K.M.F. of a Dauiell cell by 0 002 volt. 

* Fkil. Mag., Vol XIlI., p. 255,1882. 
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The readiness with whirl) mercury assumes the electro¬ 
positive position of sine through amalgamation is remark¬ 
able. Even so small a quantity if this* metal us one-* 
millionth has been shown by Hockiji ami Taylor*# Jg be 
sufficient to cans); this change in the mercury. 

iW the very nature of local actiofi we should naturally 
expect such a remedy as that of amalgamatioit to lie 
ineffective, for the process consists practically iK adding 
an electro-negative impurity to the zinc. The protoctioft 
afforded by the mercury is often said to be due to a film 
of hydrogen which is formed by local action, and which 
adheres to the amalgam, tints preventing the liquid from 
coming into close contact, with the plate If this were 
really so it is difficult to see why the electrolyte should he 
able to come into closer contact when the,circuit is closed, 
and therefore why voltaic action should take place at nil; 
for, although hydrogen is evolved on closed circuit, it is 
evolved at the negative plate, and cannot he lookeil upon as 
trans/erreil from the positive. We should also expect the 
protection to be less effective under reduced pressure 

In order to test the latter point, the author 1ms com¬ 
pared the rates of solution of amalgamated zinc when 
placed in dilute sulphuric acid—first, under atmospheric 
pressure, and, secondly, in a vacuum of about 12tmn. of 
mercury. There appeared to he some increased action 
at the reduced pressure, but tire increase was by no means 
as large as would be expected, supposing the hypothesis to 
be correct. 

As zinc amalgamates very readily, it seems probable* 
that this metal passes at once to the surface of the 
amalgam, whereas the impurities, lieing less rearffly 
amalgamated, do not pass to the surface. The amalgam 
would thus act as a filter; but, as soon as it becomes thin, 
the impurities would project and local action result, which 
is found to be the case. This way of regarding the matter 
^.loci Tet Eug., VoI. VIIL, p. 282,1879. 
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appears satisfactory enough as far as the impurities'are 
concerned, but it in no way explains the absence of local 
^action between«the zinc and the mercury. 

It has been suggested by Grove* that the protection is 
due"to polarisation, the hydrogen that is evolved combining 
wi^h the mercury (orwinulgum) and rendering it electro¬ 
positive In support of this idea he states that only a 
transient current is obtained on opposing amalgamated 
platinum to zinc in dilute acid, and that if this amalga¬ 
mated plate is then opposed to some unamalgamated 
platinum a stream of hydrogen is evolved from the latter. 

Faraday considered that the mercury produced a 
uniform condition on the surface, and thus afforded 
protection. 

POLARISAT&N —When a simple element, consisting, 
for example, of zinc and platinum in dilute sulphuric acid, 
is allowed to generate a current, hydrogen is evolved at the 
platinum plate. At the same time a certain amount of 
hydrogen adheres to the surface of the platinum and gives 
rise to an E.M.F. which opposes that of the cell. Conse- 
(piently, the E.M.F. of the cell diminishes as soon as a 
current is generated, and the larger the current the more 
rapid is the fall in E.M.F. This action, due to a product 
of the electrolysis which is taking place, is known by the 
name of polarisation. 

If the hydrogen were evolved without adhering to the 
platinum, polarisation in this case would not occur. But 
, a film of hydrogen, coupled with any oxygen in solution 
at the other plate, forms practically a gas cell, the two 
gttes combining voltaically to form water. Batteries of 
this class will be considered later in Chapter XII. Now 
the current^ in the external circuit of such a gas cell 
passes from oxygen to hydrogen, the former being electro¬ 
negative to the latter, and, consequently, the E.M.F. is 
~ ~ •PUL Mag., 3rd Serin, VoL XV., p. 81.183& ~~~ 
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opposed to turn of tlio platinum-sulplriiric acid-zino ceil 
Wlien a simple elemeqj, is generating a current it may 
therefore be regarded us a cell consisting t>f, say, zinc ami 
platinum in sulphuric acid, upon which is superyzyiosed 
a gas cell with its K.M.F. opposed to that of the cell in 
question. 

Polarisation may he defined as a temporary reduction in 
K.M.F. due to an alteration of the electrolyte, 6r of the 
plates, brought ahout by the voltaic action of the ceS, 
If this altered condition is removed by suitable means, as 
quickly as it is produced, the polarisation will no longer 
exist, and the lowering of K.M.K. due to this cause will lie 
very slight or transient. On the other hand, the K.M.F. 
Women permanently lowered as the current is generated, 
on account of what is generally termed the exhaustion of 
the cell. For example, the acid in the simple element 
here considered may liecmue practically neutralised by 
dissolving the zinc; or the zinc sulphate formed round 
the zinc plate may diffuse until it reaches the platinum, 
and zinc is elect! olytically deposited upon the surface of 
the latter; this deposition of zinc causes the platinum to 
gradually assume the character of a zinc plate, and, there¬ 
fore, brings alamt a corresponding fall in J.he K.M.F. 
Changes of this kind can only he remedied by setting up 
the cell afresh, whereas a change due to polarisation passes 
off more or less rapidly upon allowing the cell to rest 

In Fig. 9 a curve is reproduced which illustrates '.he 
rapid polarisation of a simple element. The cell used 
had an K.M.F. of 1005 volts, and consisted of copper and* 
zine in dilute sulphuric acid. It must be remembered 
that, upon closing the circuit of any cell through a given 
resistance, the potential difference assumes some value below 
that of the E.M.F., this initial value depending, inter alia, 
upon the internal resistance of the cell. If no polarisation 
Were to take place, and no change in the internal resist¬ 
ance, the potential difference would remain constant 
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The internal resistance in the present experiment may Ire 
regarded as practically constant, £)n referring to curve A 
it is seen that the potential 'difference fell very rapidly 
when t^p cell was closed through a resistance (of 10 ohms), 
indicaling therefore a large amount of polarisation in the 
case, of a simple element. The initial value was probably 
about 0'§5 volt, but it fell to 0T>4 in one minute and to 
0355 vo& at the end of five minutes. The potential 
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•Flo. 9.—Polarisation of a Simple Element (A) and of a Daniell Cell (B). 


difference then remained fairly constant. At the end of 
twenty minutes the circuit was broken. It was not 
possible to observe the value of the E.M.F. immediately 
on breaking circuit owing to its rapid variation, but after 
fifteen seconds it is seen to be 074 volt, and after one 
minute it had risen to 0'94 volt This rise is due to the 
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diffusion of the hydrogen from the surface of the copper 
plate. As the ipiuntiy' of hydrogen diminishes, the rate 
of diffusion falls off. and, thoretpre, ill# rise of K.M.F. 
becomes slower, as shown by the curve. At the end of 
twenty minutes the K.M.K. hall nearly l'egirfrfsd its 
priginal value. The same result .may lie obtained more 
rapidly by taking the copper plate out of the electrolyte 
and wiping it so as to remove adhering gins. 

The above is the generally accepted explanation *of 
polarisation. W. A. Anthony,* however, prefers the 
view that polarisation is due to exhaustion of oxygen in 
the electrolyte immediately in contact with the negative 
plate. In support of tins statement, Anthony finds that 
if a copper-sulphuric acid-zinc cell is dosed through & 
resistance of three ohms for fourteen hours the K.M.F. 
falls to (hni volt, and does not recover on standing, or 
on agitating, or on passing nitrogen through the Cell. The 
passage of oxygen, on the other hand, produces a rapid 
recovery. If the time of closed circuit is short, agitation 
reduces polarisation, because it brings fresh portions of the 
electrolyte, which still contain oxygen, into contact with 
the negative plate. 

These experiments do not appear to 1 h> quite conclusive. 
A film of hydrogtm is not easily removed hy Agitation, Ac., 
and dissolved oxygen would no doubt, assist recovery. 
But it does not follow that polarisation is not due to the 
hydrogen. If this were true, physical depolarisation 
(which is descrilied later) would lie impossible. 

Polarisation also occurs at the zinc plate; but it is not 
so marked as that which arises at the negative plate, and*it 
differs from the latter inasmuch as it is not due tp^the 
liberation of an ion, such as hydrogen. This polarisation 
can be demonstrated by immersing in the cell a copper 
electrode which is not employed for Ac purpose of 

* Proc. Amer. Ajsoditioa for Advancement of Science, VoL XLVEL, 
pp. 138-140,1898. 
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generating a current, and measuring the E.M.F. betwefen 
this electrode and the zinc ami copper respectively of the 
cell, before and $fter tfye external 'circuit has been closed. 
The E.M.F. in each case is found to vary. By using 
a eastern electrode ill this manner, B, E. Moore and 
H. V. Carpenter* havq shown that the polarisation in a 
zinc-ammonium-ehloride-earbon cell, working under the 
eonditiorijt of their experiment, takes place mostly at the 
carbon, r.nd that the recovery ou open circuit, or depolaris¬ 
ation, at first lakes place chiefly around the zinc. 

This method, however, is not wholly free from objection. 
A part of the E.M.F. observed between the electrode and 
the zinc plate is due to a difference in concentration 
caused by the volt.aicully-tornied salt passing into solution. 
This salt solution is more dilute about the exploring elec¬ 
trode than in the neighbourhood of the zinc plate, and thus 
forms what is known as a concentration cell. When the 
difference in concentration vanishes, the part of the E.M.F. 
due to it will not he observed. Similarly, the E.M.F. 
between the electrode and the carbon is influenced not 
merely by the presence of hydrogen upon the carbon, but 
also by any difference in density. As the concentration 
E.M.F. between the zinc and carbon diminishes owing to 
diffusion of" 1 lie salt, that between the' curium electrode 
and the carbon plate may increase from the same cause. 
Consequently, the, observed polarisation effects depend, to 
some extent, upon the position of the exploring electrode. 

DEPOLARISATION. —In practice,only polarisation at the 
electro-negative plate is important, and the polarising ion 
is generally hydrogen. The earliest attempt at overcoming 
polarisation in the voltaic cell was made by Becquerel, and, 
later, by Daniell, who described his well-known battery in 
1836. His method consists in separating the zinc and copper 
of a simple element by a porous pot containing a saturated 


Pkfi. Rrv.. Vol IV., pp. 529-336,1887. 
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solition of copper sulphate (ire, further, Chapter IX,, 
p. 235). Tire zinc is thus immersed in dilute sulphuric acid, 
while the copper is surrounded by ,coppcr#sulplmte. The, 
chemical changes which take place on closing the circuit 
may be represented in the form of*a (irotthus chain, M 
seen in Fig, 10, which should li* tmmpared with the 
corresponding diagram referring to a simple element, 

, The hydrogen set free by the deeumpositioli of the 
sul]ihuric acid is seen to re-form a molecule of Itoid by 
interaction with a molecule of copper sulphate, and a 
collier ion is at the same time set free. Coiisci[uently, 
instead of hydrogen being liberated upon the copper plate, 
copper only is deposited, and therefore, assuming that 
the, character of tins deposit does nut diller from that of 
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the plute, no variation of E.M.F. can occur at this plato 
(neglecting changes due to variation of concentration). 
So long as the sulphuric acid can he maintained separate 
from the copper sulphate, the exchange of copper for 
hydrogen takes place at their surface of separation. But, 
since diffusion takes place, the acid, and also the zinc 
sulphate that is formed, in time reach the copper plate; 
hydrogen is then evolved, giving rise to polarisation, and 
tine may also be deposited The copper sulphate mean¬ 
while diffuses in the opposite direction and deposits copper 
epon the zinc as soon as it comes in contact jyitli the zinc 
plate. Therefore the porosity of the pot, although a 
necessity, is a defect. We need scarcely remark that the 
conduction within the cell must he entirely electrolytic, and 
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thus a perm an on I separation of the solutions by a ro l etal 
division is out of the question. If a division of copper 
,for example, were employed, the cell would be equivalent 
to a simple element in series with a copper voltameter: 
hydfbgen would be eVolved at the surface of the division 
facing the zinc, and. polarisation would in no way bf 
remedied. 

In b\r. 9 is given a curve B, obtained by closing the 
F-ircuitf- of a Daniell cell through 10 ohms. The same 
resistance was employed in the case of the simple element 
as already described. The same plates were used in both 
cells, but as the E.M.F. of a simple element is lower than 
that of a Daniell cell, the test was really more severe on 
.he latter. The improvement due to the action of the 
lopper sulphate is very noticeable. In fact, the potential 
lifl'orence is pnictically constant, and, upon breaking the 
iircuit, the E.M.E. rose very rapidly—as shown by the 
mrve—to its initial value (114 volts). 

Chemical depolarisers may be divided into three 
lasses: (1) Liquid, (2) solid, and (3) gaseous, and to these 
nust be added a fourth class, which depends upon 
ihyeieal or mechanical means. 

LIQUID DEPOLARISEB8. —We have already considered 
m instance of depolarisation by‘ means of a liquid in the 
:ase of the Daniell cell. Certain other cells depend upon 
he same principle, viz., the use of two fluids separated 
Torn each other by a porous partition, one of the fluids 
>eing the depolarisar which surrounds the negative plate, 
he other acting as a solvent for the positive. Such cells 
mk often termed two-fluid batteries. 

The copjier sulphate in a Daniel! cell may be said to act 
•ny substitution, the liberated hydrogen taking the place of 
the copper as it moves along the Grotthus chain, and the 
eopper being deposited upon a copper plate. Consequently, 
the depolarisation, as far as the hydrogen is concerned, 
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must, under all conditions, be practically'perfect, provided 
the acid does not diffuse fe> the negative plate. 

Instead, however, of substitution? the Rydrogon may • 
be first deposited, and then removed, by oxidatiou.#gfhe 
Grove cell, for example, consists of zinc in dilute sulphuric 
acid, Re]niratcd by a porous pot front platinum immersed 
in concentrated nitric acid (m p 246) The reaction 
which takes place may !>e represented diagrauimfyically 
as shown in the following figure:— 



Flo. 11.— kraclion in a drove Cell* 


Here the hydrogen is not replaced by another ion 
incapable of polarisation. ft is, in fact, deposited upon 
the platinum; lmt, as soon as the deposition takes place, 
the hydrogen is oxidised to water by the nitric acid, the 
reaction in its simplest form Isdug represented according 
to the equation 

H 3 4 j HXO 3 = H,0 + HN0|. 


The hydrogen is thus removed by the formation of nitrous 
acid, and polarisation is prevented. In the case of copper 
'sulphate, the depolarising power depends upon the con¬ 


duction by the salt solution; copper snlphatt;JumingTm 
power of oxidation in itself. But depolarisation by nitric 


acid dejiends upon the oxidising power of tiie acid close 
to the negative plate, and on that account the acid must bST 


concentrated. 


The porous pot in a Grove cell cannot omitted, 
partly because concentrated acid is necessary, and partly 
owing to the fact that local action takes place readily it 
zinc, even when amalgamated, is placed in strong nitric 
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acid, or in sulphuric acid containing nitric. In f some 
cases, however, the depolariser and the solvent may lie 
' mixed togetlmr. F«r example, in the bichromate cell the 
electrolyte, consisting of sulphuric acid with bichromate 
of 'sodium or potassium in solution, is often used without 
a porous pot. The, bichromate alone is not an oxidjsing 
agent, and therefore it is necessary that acid should also 
be pKosent at the negative plate. Around the positive 
' platfc, however, the bichromate is unnecessary, 

SOLID DEP0LAEISER8. —By employing a solid riepo- 
lariser the use of a porous pot may lie avoided, but the 
depolarisation is not usually so complete as in the case of 
liquids. Metallic oxides, capable of easy reduction, are 
used for this purpose in alkaline or neutral solutions. 
Such oxides Nvould be very effective if they could be 
placed, as it were, in series with the negative plate (in a 
manner analogous to the copper sulphate in a Daniell 
cell), or if they could he made to take the place of the 
negative plate. In such a case the hydrogen would of 
necessity be deposited upon an oxidising body, and very 
little polarisation would then occur. But, owing to the 
fact that metallic oxides are bad conductors, they cannot 
well lie 'employed in this simple manner. Manganese 
peroxide, for example, which is largely used as a depo- 
lariser in Lechinche cells (see p. 193), is always mixed with 
carbon, and the mixture either placed round the negative 
carbon plate or suitably made up for use directly as a 
plate. Consequently, hydrogen is not necessarily deposited 
upon the manganese peroxide. It may happen to be 
••deposited upon some of the carbon that is mixed with it, 
in which case it will not tie so readily oxidised. As the 
action of the cell continues and the peroxide becomes 
reduced, a larger proportion of hydrogen is deposited 
upon the carbon, or upon reduced oxide, and consequently 
the depolarisation becomes less and less effective 
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In the Edison-Lolande cell (set p. 176 ), cupric oxide is 
employed as a depolarise*-. The oxide is compressed into 
a plate which, after the surface has*l>een slightly reduced 
so as to render it a conductor, is used ae the eleetro-ndgntive 
plate. The depolarisation is very efficient, although 
suah a result would scarcely !>e anticipated. As the 
reduction proceeds into the body of the plate wesshould 
expect the hydrogen to be deposited mostly upqp tl »4 
outer surface, and that its ready oxidation would btf 
impeded. Tin* deiKilarisation is, in fact, found to be less 
coinplete as the oxide becomes further removed from the 
surface. 

0A8E0US DEP0LAKI8EK8.— Depolarisation by means 
o( the oxygen in the atmosphere has been attempted, but 
without much success. In 1878 a cell was described iu 
which the zinc was immersed in dilute sulphuric acid held 
in a porous pot. Around the latter was coiled a silver 
wire which played the part of a negative plate. The 
hydrogen deposited is oxidised by atmospheric oxygen, 
which is probably taken into solution somewhat readily 
by the film of acid on the outside of the pot. The cell, it 
is said, was found {p be more constant than a keclanche, 
but there are obvious disadvantages in such a form, except 
for very special applications. 

Atmospheric oxygen is also considered to be the 
dejiolariser in the Walker-Wilkins cell. 

Such a method of depolarisation has, of course, the 
advantage that the substance employed is inexhaustible 
and requires no replacement, but it does not appear to be 
very practicable. “* 

PHYSICAL AND MECHANICAL DBPOLAMSATION— 

A1 though a film of gas adheres more or less tenaciously to 
a smooth plate immersed in a liquid, it is evolved with 
comparative ease from a roughened sot face. Depq)ariaa- 
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tion may, therefore, be effected without any cueimeai 
.reaction involving the use of a# oxidising or other agent, 
by suitably frepariifg the surface of the negative plate. 
In^the Snice ce}l (see p. 149), which depends upon this 
principle, the negative consists of a silver or platinum 
plate, upon which platinum lias been eleetrolytieally de¬ 
posit^!. A roughened surface is thus obtained from which 
' the hJUrogen is far more readily evolved than it would 
' be from a silver or platinum plate in the ordinary con¬ 
dition. The electrolyte of the Since cell is sulphuric acid, 
the positive plate being zinc. 

Considering the simplicity and general convenience ol 
physical depolarisation, it is surprising that more attention 
has not been given to tbe subject. The method has been 
revived in tbe Velvo Carbon cell ( see p. 150), apparently 
its only application to a cell consisting of inexpensive 
materials. 

In what precedes we have looked upon hydrogen as 
being the only polarising ion in voltaic action. That, 
however, is not the case. For example, zinc sulphate may 
be used iu a Ihmiell cell in place of sulphuric acid; and 
the polarising ion is then zinc instead of hydrogen. In 
the Cla^k cell (see p. 238), the electrolyte is practically a 
saturated solution of zinc sulphate, and polarisation is 
again due to zinc. If the electrolyte is caustic soda, as 
in the Kdison-Lalande cell, then sodium is the polarising 
ion. By reacting with the water of the solution, this gives 
rise to hydrogen as the tinal liberated ion at the negative, 
but polarisation, in the first instance, is really due to sodium. 

In addition to physical depolarisation, purely mechani- 
«cal means have sometimes been employed, the plates being 
given & motion so as to bring parts alternately under 
polarising and depolarising iulluences. Also motion of the 
electrolyte has been used to maintain its depolarising 
qualities oonstaul, as in the Benko cell. 

The influence of depolarisers upon the E.M.F. of a cell 
'will be considered iu the next chapter. 
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vlutlATION OF INTERNAL RESIBTitocB.-When ft 

coll is freshly set up anj. has not been used, it may bq 
considered to have a certain detinift interfial resistance, 
depending chiefly upon the specific^ resistance ofis^he 
electrolyte, upon the size of the plates and their distance 
npajt. Hut when a current is generated, various com¬ 
pounds are electrolyt.ically formed, and, therefoqp, the* 
value of the internal resistance changes. It 7s also, 
observed to vary according to the strength of current* 
flowing. In the rase of the earlv Gassner dry cel, 



Fio. 12.—Variation of KreuUnre with the Current Oenereted. 

Caihart* found this effect to he very marked. The results 
obtained are, reproduced in Fig. 12 irt the form of ft 
curve. With a current of 2 8 niillianiperes the resistance 
amounted to 21 i ohms, whereas it fell to 2 29 ohms when 
the current rose to 228 9 milliamperes. Fioin the above it* 
appears that the internal resistance of a coll is a somewhat 
indefinite quantity, varying not only with the electrolytic 
changes taking place, but also with the strength of current 

• Pkyt. Ret., VoL II., p. 392, 1894 5 ; or The Electrician, VoL XXV 
p. 18,1895. 
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generated. ThiS variation of internal resistance may, 
however, be more apparent thap real. Assuming Wiede- 
burg’s theory bf polarisation, Mr. K. E. Guthe* has shown 
thafihe true value of the resistance is constant, although 
the apparent resistance varies, according to the theory, in 
a manner closely resembling the preceding curve. 

WiejJeburg’s theory is based upon the idea that polarisa¬ 
tion is Sue to the collection of ions on the electrodes, which 
< causes a change in density in the neighbouring solution and 
thus produces a counter E.M.F. Only a certain proportion 
of the ions are supposed to oe active. 

When a battery is closed through an external resist¬ 
ance which is maintained constant, the current will 
generally be found to vary very soon. It may fall owing 
to polarisation, or, later, owing to exhaustion of the cell. 
Increase in the internal resistance will have the same 
effect; but, if a decrease takes place, it may, under some 
conditions, be more than sufficient to compensate for the 
polarisation, and in such a case the current will be found 
to increase to some extent as time goes on,' although 
finally a decrease must, of course, take place. An example 
of this effect is shown in curve B of Fig. 9, and also in 
Fig. 50. . 


Pk r . Rn-, Vol VIL, pp. 193-198,189& 




CHAPTER IV., 


'THEORY OF THE VOLTAIC CELL 

Conutltution of the Voltaic Cell, p. 39.—Thermal Relation*, p. 42.—The 
Helmholtz Equation and it* Application, p. 46. - Exception* to the 
Helmholtz Equation, p. 52.—Temperature Co efficient aa a Thermo- 
Electric Effect, p. 53.—Chemical and Contact Tl*eoriea, p. 55.— 
Contact Force, p. 67.—Seat of the K.M.K., p.<?§ - -Conclusion*, 
p. 82 . 

CONSTITUTION OF THE VOLTAIC CELL.— So far we 

have chiefly considered the very simplest form of cell 
But the broad question naturally arises: What are the 
essential conditions that must be fulfilled by the con¬ 
stituents in order that a voltaic cell should result f They 
appear to tie the following :— 

1. At least three dements are necessary. 

2. One of these must Is: a conductor of the first class 
{i.e., not decomposed by the passage of a current); one 
must be of the second class an electrolyte); the 
third may belong to either of these two classes. 

3. It is necessary that two of these constituents should 
be capable of chemical interaction. It is not, however, 
necessary that the reaction should take place upon the* 
mere contact of the substances under ordinary conditions. 
Such a reaction may lie impossible in the ordinary way, 
although taking place readily in a voltaic circuit. 

4 . Finally, the liberation of an ion is necessary. The 
ion so liberated may give rise to the corresponding 



40 


PRIM All r BATTERIES, 


molecule us one »f the final products; or it may in &ome 
way enter into combination with* some other body. Con¬ 
sequently, although as ion is liberated, it is not necessarily 
evolved in the corresponding molecular state. This con¬ 
dition merely implfes that the primary decomposition 
of the electrolyte mjist lie voltaic, not simply chemical. 
Perhaps a more general statement would be that, in their 
voltaiiaction, a separation of the electro-positive from the 
Jelectrti-negative ions must take place. 

Some apparent exceptions to these four conditions will 
be considered in Chapter VI. . 

Most cells consist of two different conductors of the 
first class combined with one or more electrolytes. It is, 
however, possible, to reverse the arrangement and to 
combine two electrolytes with one conductor of the first 
class. For exirtnple, if solutions of sodium chloride and 
cupric chloride are separated by a porous partition and a 
strip of copper is partly immersed in each, a cell is formed 
which is capable of generating a current. The E.M.F., 
however, is very low, and the cell is not a good example 
of voltaic action. 

A cell cannot be formed from three conductors of the 
first class. For example, if a closed circuit consist of 
three metals, all at the same temjferature, no current 
flows; and thus, if there are any E.M.F.S at the junctions, 
they are in equilibrium. From this fact there follows 
the well-known result of Volta, viz., that the E.M.F. or 
contact force at the junction of any two metals A, N, is 
equal to the sum of the contact E.M.F.S in the extended 

S61‘16S 

A/B + B/C + C/D +.M/N; 

supposing additional metals B,C, D.M to be included 

in the circuit between A and 14. If it were not so, it 
would be passible to disturb the equilibrium of a closed 
circuit consisting of three metals by the introduction of a 
fourth. 
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^flthough such a law has not boon verified for liquids, 
it nevertheless seems improbable that a true voltaic cell 
could la; formed simply from three electrolytes. It w 
difheult, under these conditions, to gee how true electrolytic 
action could take place. This apparently requires a nis- 
continuity in the circuit, such as is alforded by the change 
fn iu one class of conductor to the other in the current path. 

The question of contact K.M.F. will la: consider**! more 
particularly later on. * 

T! ic third condition above mentioned is well exemplified 
bv the voltaic solution of zinc. When zinc is amalgamated, 
or when it is pure, it is unacted upon by dilute sulphuric 
acid. Hut if it is made the positive plate of a (dosed Voltaic 
couple, solution readily takes plan-, as we have already seen. 
In the same way, zinc is but slightly aflected by a solution 
of caustic potash or soda, unless coupled w'llli some electro¬ 
negative metal such as iron. Consequently, the fact that 
a certain reaction docs not take place under ordinary 
circumstances is not a criterion as to whether the same 
reaction is possible or impossible in a voltaic cell. In 
fact, a cell will only he efficient if the reaction which it 
involves does mil take place under ordinary conditions, i.e., 
on open circuit. 

In the simple volfaic element the iibemted ion (referred 
to in the fourth condition) is hydrogen, which may be 
regarded us atomic. Atoms lieiiig generally incapable of a 
separate existence, they combine together,and thus hydrogen 
gas is evolved in the molecular form with which we are 
familiar. But if a dcpolariser is present, such as copper 
oxide, the hydrogen reduces it, combining with the oxygen 
to form water, and therefore discs not appear in a frees 
state. Or it may happen that the hydrogen replaces 
another ion which is lilierated in place of it^ as in the 
lianiell cell, where copper is lilierated, although it is not 
immediately associated with the electro-negative ion which 
combines with the zinc. 
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THERMAL RELATIONS IN THE VOLTAIC OEIiti. 

Electrical energy is produced in q cell us a result of trans¬ 
formation of cliemicaBenergy. When a chemical reaction 
takfSvplace in the ordinary way (not in a voltaic circuit), 
the'energy is liberated in the form of heat; but in the 
voltaic circuit this heat is mostly transformed and is.no 
longer .evolved. Bearing in mind the principle of the 
Conservation of Energy, we may say that the electrical 
energy produced by the voltaic solution of a given weight 
of any element, such as zinc, may, under the most 
favourable conditions, lie equivalent to the heat evolved in 
the solution of an equal amount non-voltaically. 

If a quantity ? 0 of electricity flows due to an E.M.F. 
K, the electrical energy is For convenience we may 

take g 0 to lie the quantity which is theoretically generated 
when u gramme atom* of a monovalent element passes 
voltaically into solution, or which is required for the elec¬ 
trolytic liberation of a gramme atom. Let H be the amount 
of heat, expressed as work, evolved in the ordinary way 
upon the formation of a gramme molecule or equivalent of 
the compound formed by this voltaic solution. Then, if 
this heat is converted into electrical energy, we must have 
the following identity : Et? 0 =H or, E=H/<j 0 . This equa¬ 
tion, first given bv Lord Kelvin, shows the relation, under 
certain conditions, between the E.M.F. and the heat of 
formation of the compound voltaically produced. 

In addition, however, to a chemical E.M.F., like the 
above, there may be a thermal E.M.F., as shown by 
B Feltiert effects at the various junctions in the cell, either 

* When the atomic weight of »u element ia regarded e» gramme* iuetead 
fit a mere number, the resulting weight it termed the gramme atom. Thu* 
the gramme atom of hydrogen ia 1 gramme becauee it* atomic weight it 1; 
the gramme atom of chlorine ie 55‘5 heceuee it* etomio weight ia 35'5. 
Analogously, the gramme molecule i* the molecular weight of a molecule 
etpreued ee geammae. Thus the gramme molecule of Hfi ie 18 gre. 

t When a current of electricity Sow* acroea the junotion of two metal* 
the junction ie heated if the current ie in one direction, and cooled if in 
the opposite direction. This phenomenon i* known M the Peltier Effect. 
Here reference ie made chieSy to metei-lh(uid junction!. 
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assisting or opposing the chemical R\fF. In order to 
arrive at the exact relayon between K.M.F. and heat of 
formation, let us refer briefly to certain thermodynamic 
conditions. , 

According to the second law of thermodynamics, 
continuous work cannot be done by u transference of 
heat in a system of bodies which are all at thj; satne 
temperature. Heat energy is present, but it'is not^ 
available, (liven, however, two lmdies, one at temperature* 
T and the other at the slightly higher teuqKirature T+dT, 
therf a certain amount of work can lie done by the flow of 
heiit from the hotter to the wader body. But this heat 
cannot 1* completely transformed into work. As a 
general principle it may be stated that when a quantity of 
heat H is brought from a teuiiierature T+dTfou the 
absolute scale) down to a temperature T* the maximum 
quantity of this heal which can la* transformed into work 

is not If, but tf* For the proof of this statement the 


reader must refer to works on thermodynamics, as it 
would take, too long to give the proof here. Since we 
shall have occasion to refer to this result later on, it will 
be advisable to clearly bear in mind that 


work obtainable from heat H—H 


dT 


Now consider the case of a reversible cell, that is one 
in which the various processes are completely reversed 
when the direction of the current is changed. This 
condition is very approximately fulfilled by a Daniell cell , 
containing zinc* sulphate and copper sulphate solutions. 

If a current is generated, zinc is dissolved at one plate* 
and copper deposited at the other. On causing an equal 
number of coulombs to flow round the ciriyiit in the 
opposite direction, zinc is deposited and copper is dissolved, 
the reactions being reversed, though quantitatively equal. 
Thus the chemical changes and the amounts of heat 
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corresponding With the reactions are reversible. 'The 
Peltier effects are also reversible; but there is one 
quantity which cannot be reversed, viz., the heat caused by 
the resistance of the circuit to the How of current. This 
defends upon the square of the current, and is therefore 
independent of the direction of the current: heat is always 
evolved^ never absorbed, when it is due to a current 
flowing* through a resistance, lint as this heat is pro- 
Jportiulinl to the product C 2 Ii, it may be rendered negligible 
by making the resistance in circuit large, so that the 
current is small, and all the thermal effects are then 
practically reversible. 

hit the K.M.F. of a reversible cell be K at some tempera¬ 
ture T (on the absolute scale). We may suppose the 
K.M.F. to be due to a certain chemical heat H< together 
with a certain 1 beat H„ of a purely thermo-electric 
character, so that K is given by the equation 


--t • 

% % 

To find the value of H, we will take the cell through the 
following cycle of operations:—(l) raise its temperature 
slightly above T, say, to T-f-rfT ; and (2) allow it to gene¬ 
rate q„ coulombs of electricity. The K.M.F. at the higher 
temperature will not generally lie the same as at T. Let 
it be K-t-rfE. The electrical energy generated is then 
y 0 (K+rfE). (3) Now allow the cell to cool down to T; 
and (4) pass coulombs in the opposite direction (i.e., in 
opposition to the K.M.F.). The electrical energy necessary 
# for this operation is y 0 K. 

The cell is now in its original state. The heat that 
was required to raise the temperature to T + dT was 
recovered ujmn cooling; and the chemical changes, which 
give rise to Jhe direct current, are reversed by the charging 
current, for the cell is by hypothesis reversible. Now, in 
the second operation the cell gave energy amounting to 
} 0 < E -f dE) to the external circuit, and in tire fourth 
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operation energy to the extent of ^ 0 K wife returned to the 
cell. Hence the external circuit lias actually gained 
energy amounting to • 

9o(K+rfK)-5„K=^fE. 

This is the case every time the cycle of o|>eratinns is 

completed. Consequently, the cell !s able to furnish an 

endless supply of energy by continuing these operations. 

Hut, since the chemical processes are each time reversed, 

* # t • 
this energy is not due to the chemical K.M.F., which i* 1 

practically the same at the two tomiieratnres. It must, 

therefore, Is- due to the term 11„ which we have eaited the 

thermo-electric heat, The energy gained is not, however, 

simply equivalent to this heat; for, as we have already 

seen, such heat is not wholly available. 

We must, therefore, write 

from which we have 


as the required value of Hi. 
becomes, by substitution, 


The equation for E now 


H ' + T' 7K 

% <n 


This most important equation was first given by Helmholtz. 

The reader may feel some dojibt as to whether the heat 
H, really falls from the temperature T+rfT down to T, 
i.c., whether the necessary heat is nhsortied hy the hot 
cell; for, it will 1»‘ observed, the energy in the cycle 
of operations was restored to the cell at the lower tem¬ 
perature. That such is really the ease may lie seen by 
considering two cells, at the two different temperatures, 
coupied up in opposition to each other. Sucli a system 
will give a current so long'as the diflerence in tempera¬ 
ture is maintained, notwithstanding the fact thftt the total 
chemical E.M.F. is zero. The energy is, therefore, supplied 
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:,he tnermo?electrio E.M.F. If the necessary *heat 
absorbed at the lower temperature it wuuld only le 
ssary to *irround the hot cell with a non-conducting 
it in order to produce perpetual motion. Con- 
sntly, the heat must be absorbed at the higher 
lerature. If the hot cell has a lower E.M.F. than,the 
one the current is a reversed one through the hot cell, 
litat is still absorbed at the higher temperature, 
fi a cell has an E.M.F. higher than that which is 
■alent to the chemical reactions it must absorb heat 
snerating a current, and evolve, heat when a reverse 
int is passed, and rice versa.* If the E.M.F. does not 
with the temperature,or has no temperature-coefficient 
is called, it is then given simply by the heat of forma- 


and the Helmholtz equation reduces to the simpler 
given by Kelvin. But this is very seldom the case, 
the above equation H, is expressed as work, not 
ly as heat. For our purpose, however, we shall find 
ore convenient to have this quantity expressed in 
ieaf When that is so, let it be represented by H; 
H, = .TH, where J is the mechanical equivalent of 
Thus 


E 


JH + T^. 


J is equal to 42 million ergs, and j, is equal to 
■0 coulombs, or 9,bo4 C.O.S. units of electricity. We 
fore have 


w 42x10 s u , T rfE • n ,, t , 

E= (l ... - - H + 1 inC.(j.b. units; 
y,t>o4 (FI ’ 


[pressing E in volts, 
TT 1 4-2 


-%,54U H + T 3 

H T dE , 

' 22,000 + T « * 


(, further, Cantor Lecture# on Eiectro-Chemigtry by J. Swinburne, 
it of Society of Arte, 1896. 

oekwie u the amount of beet required to raiae one gramme of water 
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If th^ temperature coefficient is zero and the E.M.F. unity, 
we see that H = 2,‘(,000. In other words, in order that a 
chemical reaction should'give rise t<»one voit in a voltaic* 
circuit it must, under ordinary chemical conditions, evolve 
2:1,000 heat units, or calories, per grSmme equivalent*'! 
the.componnd formed. • 

Generally, when considering the thermal relations in 
voltaic cells, we have to deal with bivalent elements, 
such as zinc, cadmium, copper, &c. The equivalents of 
monovalent metals are equal in value to their atomic 
weights ; but, in the ease of bivalent elements, the equi¬ 
valents are only half the atomic weights. '1 bus a gramme 
equivalent of hydrogen is 1 (the atomic weight being 1); 

hut a gramme equivalent of zinc is (the atomic 

weight being Goo). To avoid the im i mv*iie»ee of 
dividing by 2, it is preferable to remember that the 
number of calories equivalent to one volt in the case of 
bivalent elements amounts to 40,000, in which case the 


equation becomes 

E= 


H 4- f™, in volts, 
40,000 ' dt 


H l)ein" here used to indicate the heat evolved when a 
K ramme° atom of a Bivalent element enters into combina¬ 
tion, or when two gramme atoms of a monovalem 
element likewise enter into combination. 

When the E.M.F. diminishes with rise of temperature 

becomes negative, and must lie eubtraeted from the 
purely chemical part of the equation instead of bein{ 
added. 

This equation has been obtained on the assumption th* 
the cell is reversible, but there is no reason why it slioub 
not be applicable to cells which are irreversible witl 
regard to the chemical reactions. Reversibility ha» 
nothing to do with the generation of the current* although 
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an irreversible reaction completely changes the effect of a 
reverse current. 


^t us now consider one or two examples of the calcula¬ 
tion of the chemical part of an E.M.F. In a simple element, 
consisting of zinc and platinum in dilute sulphuric acid, 
zinc sulphate is formed when a current is generated. As 
to wlfether this salt is formed by the direct union of metal 
and acid radicle, o'r whether the metal is first oxidised 
iiiiil then dissolved, us stated by early physicists, is of 
no consequence. The result is the same from the thfrmo- 
ehemicul point of view. According to the older idea we 
have 

Zn4-2H 2 0 = Zii(()I[) 2 -t-H 2? 

and then 

Zi<( ill ) 2 +1 l a S< > 4 =ZiiSt ) t +2H s O. 


The final products are zinc sulphate and hydrogen. 
Although two molecules of water are broken up in the 
first equation, they are re-formed in the second. Tims 
the quantities of heal relating to the water cancel out, and 
wo have simply the heat of formation of zinc sulphate, 
such as results on dissolving the metal in sulphuric acid of 
the strength used in the cell. The heat of formation of a 
gramme molecule of this salt, using dilute sulphuric acid, 
is 37,730 calories, and consequently the E.M.F. is 


37.730 

40,000 


= 032 volt 


It is found that a single cell of this kind will not 
decompose water (acidulated) under ordinary conditions. 

, This is readily understood when it is remembered that the 
heat of formation of water is 08,400 calories per gramme 
molecule. Thus the E.M.F. necessary to effect decom¬ 
position id greater than 


68,400 

46,000 


= 1-49 volt*. 
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Let U3 now transform our simple element into a Daniell 
cell, containing zinc in dilate sulphuric acid and copper in. 
u solution of copper sulphate. 

In this case, also, when a current, is generated, life 
sulphate is formed, hut hydrogen is no longer liberated. 
The’latter reacts clectrolytically with \h« copper sulphate, 
ami copper is deposited instead uf hydrogen, as indicated 


Zn 



Cl! 


“I T" 


80 4 


"p- 

1:5 


.JL_Jfcg. 

i 


00 4 : ;Cu 

.j i.. 


Zn -► C«T 


80 4 j jCu 

I i 

Fig. 15.—Reaction* in a Daniell CelL 

, i 

in the top diagram of Fig. Id. \V« have not only the 
reaction 

Zn + If a S0 4 = ZnSO,+Hj, 
but also that expressed by the equation 

1I,+CuS0 4 =1IjS0 4 +Cu. 

The heat of formation of zinc sulphate, as already stated, 
is 37,730 calories. Now the solution of copper by dilute 
sulphuric acid does not take [dace unless heat is applied. 
In fact, the heat of formation of copper sulphate in this 
way is negative, being equal to -12,400 calories: the 
reaction is what is termed endothermic. ► But in a Daniell 
cell the reverse reaction hikes place. This is, therefore. 


.IT 

. . «... 


eo 4 
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exothermic and 'evolves heat to the above extent, donse- 
quently, the use of copper sulphate as a depolariser in a 
Daniell cell ‘raises the E.M.F. above that of a simple 
extent by au amount corresponding to 12,400 calories, 
the total chemical E.M.F. being 


37,720 + 12,400 50,130 , nn u 
• ~ 40,000 = 40,000 = 1 '° 9v0ltS - 

u. 

From this it appeals that, if the addition of a depolariser 
is to cause an increased E.M.F., it must be of such a 
nature that the reaction with the polarising ipn is 
exothermic. 

This cell may also be regarded in a slightly different 
way. Expressing the heats of formation of gramme 
molecules in the usual manner* we may represent the 
heat evolved by the formation of zinc sulphate (from 
Zn and SO*) together with the breaking up of sulphuric 
acid as follows: 


[Zn, SO*] —[H.,, SO*]. 

In the other reaction, consisting in the formation of 
sulphuric acid and the breaking up of copper sulphate, we 
have the following: 

[Ha, SO*] —[Cu, SO*]. 

Thus, for the complete reaction, we have heat to the 
extent of 


[Zn. SO*]-[Ha, SO*] + [H„ SO*]-[Cu, SO*], 


or, simply, 


[Zn, SO*]—[Cu, SO*]. 


That is, the chemical E.M.F. is due to the difference in 
the heats of formation of zinc sulphate and copper 
sulphate. We do not know the thermal value of the 
reactions 

. [Zn, SO*] or [Cu, SO*], 

* An exprewoD, anoh u [Zo, 0„ SO,), iudicate* tin beat evolved when a 
glow molecule of * oompound i* formed from (fee eooetitaeate jae+f 
il tin bracket*. 
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but,as we are only concerned with i}w,different* in the 
heat of formation of two similar salts, we may take some 
other method of formation in our qaicnlatjons, provided 1 
the same method is token for lioth salts. Thus we know, 
from the work of Thomsen, tliat 

. [Zn, 0,, SO,]=177,420 tfalories, 

and [Cu, Oj, SO*] = 127,290 

Therefore 

[Zn, SOJ—[Cu, SO,]=[Zn, 0,. SOJ-[Cu, 0,, SO,] 

* = 50,130 calories; 

whence the value of the E.M.F. is seen to be the same 
as before. 

It will be noticed that these calculations are indepen¬ 
dent of the sulphuric acid. No sooner is one molecule oi 
the acid decomposed than another is formed, and thus the 
corresponding quantities cancel. Consequently, any other 
suitable sulphates la-sides that of hydrogen, may equally 
well be used. In practice, a solution of zinc sulphate is 
employed, in which ease the reactions are those indicated 
in the lower diagram of Fig. 13, p. 49. 

In these examples, only the chemical part of the E.M.F. 
lias been considered.. When the law was first given by 
Lord Kelvin, the thermal part was not included, and, 
consequently, the calculations based upon the theory were 
not well supported. The fact that a purely thermal term 
enters into the calculation of the E.M.F. from thermo- 
chemical data, rendering it impossible to complete such 
calculations merely from the latter, has too often beet- 
disregarded by writers upon this problem. In the case of 
the Daniell cell the temperature coefficient is very small, 
and thus its effect upon the K.M.F. may be neglected. 
But, in general, the thermal term is considerable? 

As a verification of the Helmholtz equation the 
following results are of interest They are deduced 

J>2 
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from the work*of Jahn* upon a number of revefsible 
cells of the Daniell type :— 


~T-i-*— 

Nature of Cell. 

9 c 

E.M.F. in volt*. 

i 

In volts. Calculat'd Obterr’d 

Cu, CuSO, + lOOHjOiZnSft, +10011,0, Zn 

Cu, CaC.H.Cq, Aq 'PbC.H.O. + 100H,O,Pb 
Ag, AgCl 'ZnCl, + 100H,O, Zn 

Ag, AjJCt 'ZnCl, + 60H,O, Zn 

Ag.AgCl 'ZnCl, + 26H,0,Zn 

Ag, AgBr 'ZnBr, + 26H,0, Zn 

Ag,AgNO,+ 10OH,O Pb(NO,),+ 100H,O,Pb 
Ag, AgNO, + 100Hg)|Cu(NO,), +10011,0, Cu 

+ 0 000034 1 0975 
+ 0-000385 0-4940 
-0000409 1-0429 
-0-000210 1-0085 
-0 000202 0-9687 
-0 000106 0-8383 
-0-000632 0-9336 
-0000708 0-4587 

1-0962 

0-4764 

10306 

1-0171 

0-9740 

0-8409 

0-9320 

0-4580 

-A -- - 


The Helmholtz equation shows us that the E.M.F. of a 
cell is limited by the heat of the reaction involved; and 
it is for this reason that EM.Fs. have not been obtained 
much higher than 2 volts. Although there are many 
reactions whiih correspond to a higher pressure, unfor¬ 
tunately they aie not available voltaieally. It might be 
thought that a higher E.M.F. could be obtained by having 
reactions, as it were, in series, just as the E.M.F. of a 
simple cell is raised by having copper sulphate in circuit 
and thus converting the cell into a Daniell. The depola- 
ri8er undoubtedly adds energy to the combination. But 
the addition of another solution in a porous pot between 
the zinc sulphate and the copper sulphate would produce 
little or no effect on accouut of the decompositions which 
must accompany the formation of every compound at the 
surfaces of separation of the electrolytes. 

APPARENT EXCEPTIONS TO THE HELMHOLTZ EQUA¬ 
TION.—A good deal of care is necessary in calculating 
the E.M.F. from thermo-chemical data, for reasons we will 
very briefly consider. In the first place, we assume that 
a certain chemical reaction takes place in the cell in 
question: but this reaction may in reality be considerably 
modified. For example, films of sub-salts may form upon 

• H’wd. in>., VoL 28, pp. 2145 >nd 491-497. 
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me plates; or the electrolyte may contain dissolved gases, 
which combine with gn$es that are formed voltairally. 
On that account the RM.F. observed by*means of an 
electrometer, or when only a very small current i» Re¬ 
quired, may differ from that which is found when a 
considerable current is lieing generated (ajmrt from 
polarisation effects), the latter value corresponding with 
the normal chemical reaction. * t 

Secondly, the thermo-chemical data are obtained by the • 
interaction of substances in the ordinary state, whereas 
elecfrolytically deposited or reduced metals may be 
materially different. Care must always be taken to ensure 
that the thermal data taken do really correspond with the 
reactions that are assumed. Heats of dilution must also be 
taken into account. The care that is necessary is well 
shown in the many investigations on the RM.F. of the lead 
accumulator as calculated from such data. 

Thirdly, thermo-chemical data cannot he accurately 
determined, and therefore calculations based upon them 
should be accepted with some caution. For example, the 
heat of reaction of lead acetate and zinc is given respec¬ 
tively by Thomsen, Favre, and Andrews as 34,950, 31,200 
and 37,710 calories. 

. * 

THE TEMPERATURE CO EFFI C IENT AS A THERMO¬ 
ELECTRIC EFFECT.— Before leaving the subject of the 
thermal relations that are to be found in the voltaic cell, 
it will be of interest to consider the temperature coefficient 
a little more from the thermo-chemical point of view. 
We have so far looked upon this variation of the RM.F. 
as due to a Peltier effect- If that is really the case, it is^ 
reasonable to suppose that the change of F.M.F. per 
degree is the algebraic sum of variations of RM.F. at the 
various junctions. The mean variation of ff£M.F. of 

(IE 

a thermo-electric couple at any temperature, or — j* 
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known as the thermo-electric power of the couple. The 
above supposition may therefore be expressed by saying 
that the temperature coefficient of the cell is equal to the 
sum of the thermo-electric powers at the junctions. 

Experiments have been made by Bouty, and also by 
Carhart, which verify this statement. In a Daniell cell, 
for example, there are three contacts, viz.:—zinc / zinc 
| sulphate, zinc sulphate / copper sulphate, and copper 
sulphate / copper. Carhart investigated the two metal 
liquid junctions, and obtained results which are graphi¬ 
cally shown in Fig. 14. Here the ordinates represent the 



ire. nr sv ttr «r «r 

Fro. M.—Curvo* allowing the K.M.K. of thermnoouplo* at th# 
metal / liquid junctions in a Daniell Cell. 


' variation of K.M.F., and the abscissa? the corresponding 
„ temperature of the hot junction, the cold junction being at 
0°C. Curve B shows the increuse of EM.F. when the 
Gu/CuSO t junction of an experimental Daniell Cell was 
heated, the Zn/ZnSO, junction being kept at 0°C. Curve 
A allow* the decrease of E.M.F. (plotted for convenience 
as an increase,) when the Zn/ZnSO, junction was heated 
These curves are nearly the same as those obtained for the 
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two Single thermo-couples Cu/CuS0 4 and 2n/ZnS0 4 . The 
thermo-electric powers of the latter were found to be 
(>•00073 and 000070 respectively. Now, in 4 Daniell cell 
these are opposed to each other. Consequently, negleqtyg 
the zinc sulphate / copper sulphate junction, the effect of 
whjph appears to be very small, the*sum of the thermo¬ 
electric powers amounts to (>•00070 - 0 00073 = 0 00006 
volt per degree. The change of the E..M.K |xt degrA of a 
modified Daniell cell was found by Cartiart to l)e 0 000073 
volt. The agreement is not very exact, but is sufficiently 
close-to support this method of regarding flic matter. 

I^et us now pass on to a brief consideration of the chief 
theories that have been put forward to account for voltaic 
action. 

THE CHEMICAL AND CONTACT THEbEIES. —Volta, 

as already mentioned, found that the muscular movements 
observed by Galvani were also produced on connecting 
two parts of the same muscle by an arc of two metals. 
He therefore came to the conclusion that a junction of 
dissimilar metals was necessary in such experiments, and 
that the force which gives rise to the observed phenomena, 
and to voltaic phenomena generally, is due simply to the 
contact of the mefals. According to this theory, the 
E.M.F. of a coll consisting of, say, zir.c and platinum in 
dilute sulphuric acid, is due merely to the junction of zinc 
and platinum. In support of the contact theory, as it is 
called, Volta constructed a dry pile, which has already 
been descrilied, and he also carried out a liumlier of 
electrostatic experiments. 

One of the most important results obtained may lie* 
stated as follows:—If a condenser lie made of two plates 
of different metals, such as zinc and copper, # which are 
connected for an instant by a piece of zinc or copper rod 
(it., by one of these two metals), the condenser become* 
charged. On separating the plates, the leaves of a gold 
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leaf electroscope 1 connected to one of them diverge, giving 
a measure of the charge and of the force giving rise to it. 
'By observing the •divergence,' and by carrying out 
measurements with different metals, Volta found the 
cotitact force to be'definite for any given couple, and he 
was able to place tke metals in a series, such that any 
metal is electropositive to all those following it in the 
series*. Thus zinc is electropositive to iron and iron to 
copper. He also demonstrated the fact, known as Volta’s 
law, that, if there is a series of contacts, the contact 
forces are additive. For example, indicating the contact 
force of a copper-zinc junction by Ou/Zn, then, in the case 
of iron, or any other metal, we have the relation 

Cu/Fe Fe/Zn=Cu/Zn. 

This fact is illustrated in the adjoining diagrams. Fig. If. 
represents a condenser having copper and zinc plates, 
connected by zinc and copper strips. The force is due to 


CJ 


CJ 


Fio. 15.—Contact Foroa. 




Cu 



• 


HI 



Fio. 16.—Contact Form 


the junction of the latter. In Fig. 16 a series of metals, 
M,,Mj,M s ,M 4 , is also included in the circuit. The force is 
now the sum of all the contacts, thus: 

Cu/Mj-t- Mj/Mj+Mj/Mj-F M a /M,+M ( /Zn. 

But, in accordance with Volta’s law, this is simply equal 
to the contact Cu/Zn. In fact, in an open circuit, which 
the above is practically equivalent to, the force is due 
merely to the end metals, beinu independent of inter- 
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mediate ones. If the circuit were closed We should have 
Cu/M,+M,/M a +Mj/.M,+M,/M<+M 4 /Zn+Zn/Cu, 
which reduces to ' 

Cu/Zn+Zn/Cu. 

Assuming that the force from copper to zinc is equal and 
opjfosite to that from zinc to copper, we have 
Cu/Zn= — Zn/Cu, 
or Cu/Zn-f Zn/Cu=0, 

ie., the total force in the closed circuit is zero. This is 
[omit] experimentally to Is' true, provided the temperature 
of the circuit is uniform throughout. 

In reviewing the Contact Theory from the historical 
point of view, it must he rememliered that the law of the 
Conservation of Energy was not brought forward until long 
after the liegimiing of the present century* and therefore 
the absurdity of supjiosing that, the mere contact of two 
metals could give rise to a continuous flow of electricity 
was by no means self-evident. There was, on the, other 
band, a good deal of evidence, in favour of such an idea 
Even the phenomenon of electrolysis observed in fluid 
cells could, without much difficulty, 1* regarded as an 
effect rather than the cause of the current, and thus, 
indirectly, as an effect due to the metallic junction. 

That chemical action invariably takes place in a voltaic 
circuit was very soon proved by the opponents of the 
Contact Theory, who therefore concluded that all the 
observed phenomena were due to chemical action, and 
that contact force was a negligible quantity, or non¬ 
existent As already mentioned in Chapter I, a very 
lengthy dispute arose between the supporters of the- 
Contact and Chemical Theories. 

CONTACT FORCE.—Let us now consider a "little more 
carefully the nature of Volta’s contact force. Unfortu¬ 
nately, even after the lapse of a century, scientific opinion 
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is still divided upon the question. This remark must, 
jndeed, be extended to the \vh9le theory of the voltaic 
cell; and therefore file reader should bear in mind that 
the opinions here expressed do not necessarily embody the 
only views that are of value: no theory at present put 
forward can lie considered as more than a working 
hypothesis open to a good deal of adverse criticism. 

, h 01 ^ 1 Kelvin has given an elegant experimental proof 

‘ of the existence of contact force. A light metallic 
electrified needle A (see Fig. 17) is suspended by a wire 
over a metal disc, which is divided into two halves in 
eoutact with each other. When these are of the same 



metal, say copper, and are placed symmetrically with 
regard to the needle, the latter is not deflected, however 
highly it may be charged. But if one of the copper 
segments is replaced by one of ziuc, a deflection occurs. 

, When the charge is positive, the needle deflects towards 
the copper; when it is negative, the deflection is towards 
“ the sine, thus showing that the zinc is positive to the 
copper. In this experiment the needle should be main¬ 
tained at & high potential, which is most readily effected 
by connecting it to a highly charged Leyden jar. The 
metal segments may be connected by a wire, or they may 
be placed directly in contact, or even soldered together: 
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the result is always the same. But if the segments are 
slightly separated, and aft then connected Jiy a drop of. 
water instead of by a piece of wire, the needle is no longer 
deflected. This result has been taken to indicate tlfct 
there is no contact force between mptals and water, but 
later research has shown that a small contact force does 
exist. m 

When speaking of contact E.S1.F. it is well to remember 
that the effect is purely statical, and dill'ers materially 
from,an E.M.F. which gives rise to a continous current. 
If a piece of copper, Cti (Fig. 18), is joined metallically to 
a piece of zinc, Zn, the latter is charged positively and 
the former negatively on account of the contact E.M.F. 
But no current flows on completing the circuit, however 
that may he done, because an equal and opposite contact 
E.M.F. is introduced by so doing. The zinc still remains 
positive and the cop]>er negative, as indicated in the 
figure. It will, therefore, readily be seen that all measure¬ 
ments of contact force must be of a statical kind, involving 
the use of a condenser or some equivalent arrangement. 

Now let us consider more particularly the measurement 
-of contact force. Kohlraiiscl), who carried out a large 
number of such measurements, made use of* an uir 
condenser, having its plates of the metals whose contact 
force was to lie measured. An insulated plate of platinum, 
for example, is supported opposite and parallel to au 
insulated plate of zinc, the distance between them being 
comparatively small. The plates are connected for an 
instant by means of a wire of any convenient metal. Let 
Pt, Zu, in Fig. 19, lie the plates, and (Ju the connecting 
wire. - Then the contact force acting is: Zn/Cu+Cu/I’t 
= Zu/Pt, which is what we wish to measure. The plates 
become charged, by reason of the contact force, with a 
certain quantity of electricity, and, therefore, when the 
connection is broken, the plates remain at different 
potentials. The object in view is to obtain a measure of 
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this potential difference. If the two plates are next con¬ 
nected to the terminals of an electrometer, the latter becomes 
Charged. Now the Quantity of electricity on the plates 
of a ^condenser is equal to the product of the capacity into 
the potential difference, or, in the form of an equation, 
Q = KV. If Q is constant, as in the present instance, V 
must vary inversely as K. By the introduction of the 
eleetreneter, the capacity of the system is increased. 
JConsequently, the potential difference is decreased, and 
the deflection on the instrument may be too small to be 
of any value. But if the platinum and zinc plates' are 
separated, the capacity is much diminished, and thus the 
potential difference at the terminals of the electrometer 
is increased sufficiently to give a much larger deflection 
than would otherwise result. 



The deflection thus obtained is a measure of the so- 
called contact force. If a plate of copper, of the same size, 
is substituted for the platinum and precisely equivalent 
* operations are carried out with the copper-zinc condenser, 
_as are described above for platinum and zinc, a different 
deflection is observed on the electrometer, giving a 
measure of the contact force Z«/Cu. The actual value, 
in volts, of the electrometer reading may be found by 
making both plates of the condenser of the same metal, 
charging them to a known difference of potential by 
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meant of a Daniel) or other suitable cell, and observing 
the deflection upon separating the plates as before. In 
this way, contact forces between different pairs of metals* 
may not only be compared, but their actual value maj be 
determined. It is here assumed that*the capacity of the 
condenser is the same in all measurements. This 
condition, however, is not easy to fulfil accurately. By 
the substitution of one metal for another it may happen, 
for example, that the distance between the plates does not 
remain quite the same, or, perhaps, the urea is somewhat 
different. To avoid errors of this kind, Kohlrausch intro¬ 
duced a Daniell cell into the circuit used for connecting 
the condenser plates, by which means the value of the 
contact force is obtainable m terms of the liMfF. of this 
cell as follows :— 

Let a be the deflection of the electrohieter when a 
simple wire, is used to connect the plates, as already 
described. Since a is proportional to the charge, and 
thus to the contact force giving rise to it, we may write 


Zn/l't = .(1) 


where k is a constant. Now include a Daniell cell, whose 
E.M.F. is E, in the connecting wire, as shown in Fig. 20. 
It must lie rememlwcd, in estimating the contact forces 
here in action, that the contact at A, of the zinc plate of. 
the Daniell with the copper wire, must be included in 
the cell, because the E.M.F., E, necessarily includes this 
contact. In fact, the cell, to lie complete, must have both 


poles terminating with the same metal, say copper: this 
is not actually-the case in practice, but the closing of the 
circuit by any metal is equivalent to it Thus the total 
E.M.F. is given by 

Zn/Cu+K+Cu/Pfc 

=Zn/Pt+E, 


and, if /3 is the deflection observed, we have 

Zn/Pt+E«*£.. ( 2 ) 




62 


PRIMARY BATTERIES. 


The valne of .Zn/Pt is now obtainable in terms of the 
E.M.F. of the Daniell by eliminating k. Thus, by substi¬ 
tuting in equation (2) the value for k given by equation 
(1), we have 

Zn/Pt+E=Zn/Pt.-. 


Therefore. 


* Zn/Pt-^S 
l -8 



In this way the value of a contact force is obtained in 
terms of a known E.M.F. A direct comparison between 
contact forces is avoided, and it is only necessary to 
maintain the capacity constant during measurements of 
any given paiy of metals, which is comparatively easy. 
Whether an alteration is introduced in the capacity on 
changing from one metal to another is immaterial, so long 
as the contact force to be measured is referred in every 
case to the. Daniell cell. 

Lord Kelvin, in measuring contact force, employed a 
null method, which will be understood on referring to 
Fig. 21. The two plates under olwervation, which ar« 
represented by Zn and Cu, are placet at a small distance 
apart and are connected to a quadrant electrometer E. n 
they are metallically connected they become charged by 
the contact force, and if they are separated, after this 
connection is broken, a deflection of the electrometer 
results But if the charge upon the plates could be 
exactly neutralised, by an E.M.F. equal and opposite to 
the contact torce, no deflection would occur. This can be 
readily effected by the arrangement indicated in the 
figure. Current from a battery B flows through a 
resistance.RR\ along which a sliding contact S can be 
placed in any desired position. Thus the potential 
difference between S and R' can be varied. If then 
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contffct be made at P, there is a circuit- from one plate 
to the other, and this circuit can lie made to include a 
potential difference acting in opposition tea the contact* 
force, and tending to neutralise the charge upon the 
plates. When the slider is adjusted SO that the charge*** 
neutralised, i.e., so that no deflection occurs on separating 
the plates, then the potential dilferenee lietween S and S' 
is equal to the contact force. # 

Hankel, l’ellat, Brown, l’faff, Von Zlmn and many 
others have carried out measurements upon contact force. 
The snost complete experimenta were mudc by Ayrton 
and Perry,* the principle of whose method we will briefly 



Fio. 21.—Kelvin'* Null Method of MeMuring Contact Foroe, 


describe. Referring to Fig. 22, A and B are two plate* of 
the metals under oliservation, metallically connected; 
C, D are two gilt brass plates connected to the terminal* 
of a quadrant electrometer: they ure parallel to A, B, and 
at a definite distance from them. • A, B, by reason of the 
contact force between them, are charged—one positively 
and the other negatively There will, therefore, lie charge* 
induced upon C and I). The latter are at first metalli¬ 
cally oonnceted together and earthed. In this way the 
free charges are removed (the plates C, D being of the 
same metal), and a zero reading of the electrometer is 
taken, after which these plates are insulated from each 
other and from earth, but remain connected to the 


• Pnc, Kojal 80 c., Vul XXVII., p. 167, wet PUL Tntu., 1880, Pirt L, 

f. 15 , 
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electrometer. A n:id B are now interchanged, A Being 
placed Below 1) and B below C, the distances being 
precisely the 'same afl before, 1*1 le deflection of the elec¬ 
trometer, when this is done, is a measure of the contact 
force. Although tfie principle of the method is simple, 
the actual apparatus is intricate and requires careful 
adjustment. 

Contact forces also exist between metals and liquids, 
and lietween different liquids. These can all be measured 
by the method of Ayrton and l’erry. For this purpose 
the liquid under observation is held in a basin and the 
surface is brought into the position A in Fig. 22. If 
the contact force lietween this liquid and a metal is to be 
measured, the latter is placed, as before, at B, contact 
being made by a strip of the same metal attached to the 
plate and dipping into the liquid. The contact force 
between two liquids may lie measured by having one at A 

1 . 

-X-" '-B- 

Fig. 22.—Ayrton »ud Perry’s Method of Measuriug Contact Fores 

and the other at B. In that ..tact is made by 

means of a siphon tube closed at each end by a membrane 
and tilled with one of the solutions: this tula 1 , is allowed 
to dip into the two basins. 

With regard to metal-liquid ami liquid-liquid junctions, 
it is found that the apparent contact forces do not often 
obey ^'olta's law. This is not altogether surprising. 
When two metals are placed iu contact, no chemical re¬ 
action as a rule takes place; or, if there is a reaction, it is 
generally far too minute (with the exception of mercury) 
to be observed, unless it be allowed to continue for weeks. 
But when a metal is immersed in a liquid, chemical 
change of an electrolytic nature may take place with 
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comparative ease, and thus it is not surprising that the 
E.M.F. in a closed circuit, such as zinc/neutral potassium, 
chloride/mercury/zinc, is not zero. * • 

In the same way, changes may take place at lirpiid 
junctions owing to chemical reactions and to diffusion. 
To prove the failure of Volta’s law ifi the case of liquid 
junctions, Fechner* dipped identical metal plates M. M 
(Fig. 2.‘t) into two vessels containing the same liquffl, L 
These vessels he placed in communication, hy means of 
moist cotton wicks, with two others containing different 
liquids L,, I*. If Volta’s law applies to the liquid 
junctions, there should Is: no current upon closing the 



Fiq. 23. —Fechner'* Experiment on the Application of Volta’* Law to 
liquid Junction*. 


circuit, hecuuse the metal-liquid junctions are equal and 
opposite. Thu condition that no current should flow is in 
fact M/I.+L/L, + L,/L, + L,/I.+L/M = 0; 
or L/L, + I^/L= 0. 

Experiment shows that a current dues flow in such a case, 
and therefore it is said that Volta’s law is not visaed. 
Hut such junctions cannot he looked upon as equivalent 
to those lietween metals. Diffusion is taking place at 
each junction, and a number of diffusion cells are really 
formed, as will lie deserilied in Chapter VI., and thus the 
resultant EM.F. cannot, as a rule, be zero. 

We have so far tacitly assumed that contact force* do 
not exist between gases and metals or liquids. Unfortu¬ 
nately, their existence hag not been proved, but that is no 
reason for entirely disregarding them. In measuring the 
contact force o! copper to zinc, for example, what wo 
really determine is the sum 

air / copper+copper / zinc+zinc / air. 


p*tj. im, VoL 48, pp. 1 and 125,1838. 
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and this we generally term simply the contact force, 
Cu/Zn. This in qo way affects the additive nature of 
these forces. In the case of a platinum copper contact, 
f,)f example, we have 

air / p)iitinunt+ platinum / eopper-f copper/air, 

r 

and if this he added to the above expression for a 
cojiyer / zinc contact we have 

uir/Tt+Pt/Cu + Cu/Zn-f Zn/air=air/Pt + Pt/Zn+Zn/air, 

the other terms cancelling. This expression is what is 
regarded as l’t/Zn. 

The question as to whether gas-effects really exist 
cannot be decided by measurements in vacuo or in different 
gases, because any variations so obtained in the E.M.F. 
may be equally accounted for by supposing that a change 
occurs in the contact force of the two metals themselves. 

So far we have assumed contact force to be of the 
nature of an E.M.F. As to whether we are justified in so 
doing depends to a large extent upon the way in which 
we define our terms. E.M.F. is often regarded as the force 
which gives rise to the current. But as a cm rent can 
only Ire obtuiued through tire transformation of some 
other/orm of energy, it is preferable to say that an E.M.F. 
not only gives rise to the current, but is accompanied by 
, a transformation of energy; and thus when we say that 
there is an E.M.F. at a certain point in a circuit, we mean 
that a transformation into electrical energy of some other 
form of energy is taking place at that point. For instance, 
at a thermo-electric junction, heat is being transformed into 
electrical energy; and in a dynamo, mechanical energy is 
likewise being transformed. A clear distinction, however. 
Must be drawn between potential difference and E.M.F., 
as already mentioned. In a shunt from a main circuit, 
it might he said that the current is due to the potential 
difference at the terminals of the shunt, and that there is 
no such transformation between those paints. But this 
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potential difference ia in reality due to the current, and 
thus to the E.M.F. in theanain circuij. 

Accepting this view of electromotive force, we may say 
that when a current flows past a point where an EAt#. 
exists, then work is done of two kinds—reversible and 
irreversible. The work done by reason of the K.M.F. ia 
reversible, depending upon the direction of the cuijent; 
but the work done in heating the conductor depends upon 
the square of the current and is therefore irreversible. 
Consequently, when a current encounters an E.M.F. work 
is done which may lie jmsitive or negative according to 
the direction. For example, if a current flows in accord¬ 
ance with the K.M.F. at. a thermo-electric junction, heat is 
there absorbed; if it flows against tho K.M.F., heat is 
evolved. We may go further, and say that the measure ol 
an K.M.F. at any point is given by the reversible work 
done when a unit of electricity is conveyed past the point 
Thus, if W is the work done when Q units of electricity 
flow past a point, the K.M.F. at thut |Kiint is given by 



ItBhould lie remarked that this statement,although generally 
accepted in reference*to a complete circuit, has ntit beet 
universally admitted when it refers to only part of a circuit 

Now, when a current traverses the junction of twe 
metals, the well-known reversible thermo-electric IVltiei 
effect arises. Being reversible, it indicates an E.M.F. 
which we may, perhaps, be permitted to call the trui 
contact E.M.F. The value so obtained is very mucl 
smaller than the corresponding contact force of Volta ant 
is sometimes in the opposite direction. 

It has been stated by Pellat and others that the Peltie 
effect has no connection with contact force. The argumen 
put forward is somewhat as follows:—When two bodie 
A, B are in contact, they are at different potentials, thi 
potential difference V being due to, equal to, and oppomt 
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to, the contact force E. Thus, when a current passes, 

. there are two Peltier effects: <yie for E and the other for 
V, Since these are equal and opposite, they cancel, any 
fc&quality giving yse to the Peltier effect that is actually 
observed. Lodge* lias pointed out that a fallacy arises 
from the assumption that what is only proved for the 
whole circuit is true for the junction. 

Accepting, therefore, the statement that the true contact 
E.M.F. is small, how shall we regard Volta’s contact force, 
which is about one hundred times a* great > Lodge 
prefers the view that, when two metals are placed in 
contact, they are at the same potential, hut differently 
charged; and that they form practically an air battery, 
the charges resulting through oxidation. 

Consider, for example, a piece of copper and a piece of 
zinc at some distance apart in air. The molecules of 
oxygen may lie looked upon as striving to attack both the 
metals. Now, when a compound is formed voltuically, the 
corresponding K.M.F. is proportional to the heat evolved 
in the formation of this compound from the same con¬ 
stituents non-voltaicallv. Thus the E.M.F. due to the 
oxidation of copjier would la* proportional to the heat of 
formation of copper oxide. We mqy suppose that charged 
atoms are trying to move up to the metal. They are 
unable to do so ltecause they are straining equally on all 
sides, and if they did so it would lead to a charge of one 
kind of electricity without a compensating opp.isite charge 
on some other conductor. Hut if we assume that atoms 
which are unable to combine exert the same attraction as 
those which are on the point of combining with the metal, 
then we may consider it probable that the copper is at a 
lower potential than the air, the difference being pro¬ 
portional to the heat of combustion of copper. In this way it 
may be calculated that the copper is at a lower potential 
than the air by about 0-8 volt and the zinc by about l'8volta. 


BJL Deport, 1884, p. 464. 
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As soon iis the metals touch they are reduced to the 
same potential, and are 140 longer completely surrounded, 
by oxygen atoms. These latter can now move nearer to 
the zinc, because a way of escape js provided for*tke 
electricity into the copper. This electricity is negative, 
oxygen being electronegative. The inward motion of the 
atoms towards the zinc diminishes what we may regard 
as the thickness of the layer of the negative electricity on 
this metal, whereas the thickness of the layer on the 
copper is increased. Consequently, the zinc is charged 
positively and the copper negatively. Although the 
potential is the same throughout (viz., the menu of the 
initial potentials, if the plates are of the same size, i.t., 
1*3 volts in this case), there is a slope of potential in the 
air. In considering the system as a condenser, the air 
surfaces close to the metals must be regarded as the two 
coatings of the condenser, and the potential difference 
between them amounts to the difference of the two initial 
potentials, in this case 1*8 - 0'8, or 1 volt. It is the charge 
of one of the plates which is measured by the ordinary 
condenser methods, although indirectly the above potential 
difference is determined. 

Lodge gives the following table, showing to what extent 
the calculated values agree with experiment. The alter¬ 
native numbers are due to uncertainties in the thermo- 
chemical data:— 

Volta Effect* in Air. 


i 

1 

j Metal Pain. 

j 

! 

Calculated 
from heat of 
Combustion. 

Observed by 

Pellat. 

Ayrton and Perry. 

Clifton. 

Clean. Scratch’d 

1 

I 

Com- j Amal^a- 
mercial mated 
Zinc, j Zinc. 

- 

1 


j 




j Tin. 

039 

024 I 

0*35 

0*78 0*46 

... 

Lead. 

070 or 0-65 

0*15 ' 

0*31 

070 0*38 

... 


0*21 or 0*4 

0*56 1 

070 

0*60 074 

075 

Nickel ... 

0*53 

0*47 ! 

0*63 


... 


1*04 or 0*9 

0*71 j 

0*86 

075 6*89 

0*86 

Mercury... 

1*18 


... 

1*06 1*20 

107 

Silver. 

171 or 1*58 

ooi ! 

112 

... 










70 


TBIMAR Y BA TTERIBS. 


It is, however, a little difficult to see how a metal can 
Jbe brought to a definite potential below that of the air, 
depending upon the heat of combustion, when no combina- 
tiSjf is able to tak <4 place. Moreover, a voltaic reaction 
with an elementary gas is improbable It would seem 
simpler to suppose a difference of potential to be brought 
about by voltaic oxidation through films of moisture or 
otherwise. 

Several observers have attempted to attack this idea of 
oxidation by showing that measurements in vacuo do not 
exhibit such differences from those at ordinary pressures 
as would l>e expected if this theory were true. Von Znhn 
found that contact force was not appreciably changed by 
different gases or by variation of pressure, except in the 
ease of a zinc-platinum junction. The value of the latter 
fell to half a Daniell in vacuo. 

Bottomley* found that the value of zinc/copper re¬ 
mained the same when the pressure was reduced to 2J- 
millionths of an atmosphere, and also when hydrogen was 
substituted for air. The apparatus employed in this 
investigation was such that a variation of one per cent, 
would certainly have been detected. 

More.recently, J. R. Erakine-Murrayt replaced air by 
paraffin wax, the plates of zinc and copper being filed 
under melted wax so as to remove any air films that 
might be present. The difference in the contact force due to 
this replacement of air by wax amounted to only 0'053 volt. 

Experiments by J. Brown* upon a copper-zinc condenser, 
which was maintained in an atmosphere of nitrogen under 
reduced pressure and in the presence of metallic potassium 
for as long as seven and a half years, also gave negative 
results. The contact force was found to be much the 
same as in air. 


• B.A. Report, 1888, pp. 001, kc, 

+ Proc. Royal Soc., VoL 83, pp. 113, Ac., 1898. 
J Proc. Royal Soc,, VoL 64, pp. 369-374,1890. 
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Tlfbse experiments, however, are not so conclusive ss 
might appear at first sight. The capacity of two plates 
such as are used in the measurcmeilt of cohtact force is' 
very small, and consequently the quantity of electrisifcy 
required to charge the condenser so Wined is also very 
smajl. Suppose the surface of each 1 plate to be 10 sq. 
cms., and that their distance apart at the moment of 

charge is 01 mm. The capacity is then ^yo 10 Wads, 

and the number of coulombs required to charge this 
system to a potential difference of one volt amounts to 
the same figure. The weight of oxygen corresponding to 
this quantity is 0-0734 x 10~'° milligrammes. This quantity 
is so small that it might be present many thousand times 
over without our being able to detect it. The necessary 
reaction might still take place in the best vacuum, or 
even under paraffin wax. We should, however, expect the 
speed of the reaction to be much less than in air, in the 
same way that a dry pile can only supply electricity 
slowly owing to the limited chemical action. Kasults 
of interest might therefore result by determining 
whether the rate of charge varies as the pressure is 
reduced. 

The interpretation of experiments carried out in 
different gases is a difficult matter because we have to 
distinguish between voltaic action and ordinary chemical 
action. If gases are used which react easily with either 
of the metals, the results are liable to be of little value 
owing to the films formed upon the metals. Hydrogen 
sulphide, for example, gives trouble on this account. 
An experiment with this gas, carried out by Brown,* 
may be mentioned here in support of chemical action. 
A Kelvin bimetallic disc of iron and copper, enclosed in 
a gV«» jar, was used for observing the contact force. 
When hydrogen sulphide was ad mitted, the deflection was 
* Phil. Mag., 6th Seri*, VoL 6, p. 142,1878. 
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wen to reverse and to remain reversed until the copper 
became covered with sulphide, yhich has no affinity for 
sulphur, wile'll the deflection became uncertain. 
t,With a view to completely changing the medium around 
the contact, and the thorough removal of gaseous films 
from the surfaces of The metals under test, a careful investi. 
gation has been carried out by F. S. Spiers* An attempt 
wasSirst made to remove these films by heating the couple 
in raeuo, but oxidation by the residual atmosphere was the 
only result. The air was therefore replaced by hydrogen, 
the couple being platinum-aluminium. But nevertheless 
it was found that “even in a high vacuum of pure, dry 
hydrogen at the minute pressure of T ai rti ,Him. of mercury, 
and after four washings in that gas, there is still sufficient 
oxygen present to completely oxidise the surface of an 
aluminium plate if it be only brought to a sufficiently 
high temperature.” Finally it was decided to remove the 
air films chemically by heating in hydrogen, a platinum- 
iron couple being used. The glass containing-tube was 
washed out four times with hydrogen, and then heated 
a number of times to about 800“C. A steady value 
was not easily obtained, but the final result was that the 
contact force fell from +037 to —060 volt, which 
Spiers regards as the true value of the Volta effect between 
iron and platinum in an atmosphere of hydrogen. On 
admitting a small quantity of air the E.M.F. slowly varied 
towards a positive value, and on heating to accelerate the 
change it rose to +0 22 volt. Further heating reduced 
this figure to zero owing to oxidation. 

This conclusion assumes that we are really dealing with 
the metals in an atmosphere of hydrogen. It is doubtful, 
however, whether the Volta effect actually obaerved is not 
between hydrides of the metals instead of the metals them¬ 
selves. In fact a crucial experiment demonstrating the 
absence oi films appears to be impossible. Even at the 
' Phil Mug., Vol «9, pp. 70-90, Jul, 1900. 




THEORY OF TUB VOLTAIC CELL. 


73 


ordinary temperature in air, films of oxide, of air, or of 
moisture must be assumeckuntil they can be disproved, and _ 
if they are removed in any way they are merely replaced 
by others. . * • 

A point of considerable interest, brought out by the 
rese&rches of Fellat, and also by those of Krskine-M array, 
f-s that the value of the contact force depends upon the 
mechanical state of the metallic surfaces. Thus burn Shed 
zinc was found by the last-named author to fall 0'32 volt 
when scratched by polishing on glass paper. The results 
of Pellat were in the opposite direction, but the surfaces 
in his case were washed with alcohol. It thus appears 
that a closed metallic circuit, including two zinc-copper 
junctions, instead of being in equilibrium, may have a 
resultant E.M.F. of 032 volt if the junctions are in 
different mechanical states, even though at the same 
temperature. 

Lord Kelvin* concludes, from this result of hrskiuc- 
Murray’s, that the potential in zinc “ increases from the 
interior through the thin surface layer of a portion of its 
surface affected by the crushing of the burnisher, more by 
0'32 volt than through any thin surface-layer of portions 
of its surface left polished and scratched by glass 
paper." It docs not, however, appear wholly impossible 
that the molecular change brought about by burnishing 
should bring about a corresponding change in the chemical 
affinity; but we should rather expect a thxretmd electrifi¬ 
cation in such a case to arise from burnishing. 

Of a similar nature are the experiments of N. Hesehus.T 
which tend to show that the physical condition of the surface 
has an important effect This investigator found that a 
polished surface was in all case3 positive with respect to a 
matt surface of the same substance. It would seem, how¬ 
ever, that suc h an effect is sus ceptibl e of a chemic al 

* Pkil. Hag.. 6th Serioo, Vol. 6, pp 82-120,1898. 

f Jour. ChimkMk, 1902; “ Sciraw Atwroota, Vol 5, No. 1,087 

(1902). 
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explanation. A matt surface is likely to be acted*upon 
more quickly by gases than a polished surface, and if we 
• bear in mind that an oxide is eldbtro-negative to the metal 
of which it is formed, it follows that a matt surface should 
rfb electro-negative to one of the same metal that is polished. 
This view receives spme support from the work of H. Beil* 
who traced certain variations of contact force in the case of 
fresjjly cleaned zinc to the action of water vapour. 

An investigation by de Broglief is on somewhat similar 
lines. This physicist found that when metals were placed 
in a drying chamber the contact potential, which was 
normally in the neighbourhood of one volt, dropped to a 
few hundredths of a volt. This would tend to show that 
the contact force is chiefly due to films of moisture, rather 
than hydroxide on the surface, for mere drying would not 
remove oxide. 

Q, MaioranaJ has found that low temperatures reduced 
the contact force to a marked extent. Thus the contact 
force between zinc and gold, which in air is 0'88 volt, drops 
to 0'05 volt when liquid air is dropped on the junction. 
The conclusion is reached that at the absolute zero of tem¬ 
perature the contact force would vanish. This effect may be 
regarded as supporting a chemical basis of contact potential. 

All theseinvestigations show the extreme difficulty there 
is in devising conclusive experimefttal investigations on 
which a really definite theory may be based. 

It has been suggested that contact force may be due to 
chemical affinity between the metals. If that were so, the 
force should be equivalent to the heat of formation of the 
alloy formed from the two metals. Thus the contact 
force of zinc and copper should be given by the heat of 
formation of brass Very few thermo-chemical data of 
this kind exist, but the figures given by Kelvin show that 

* Annahn d*r Pkfiik , Vol. 31, p. 849,1910; “ Science AbetrocU," VoL 
MU., No. 869 (1910). 

+ Comain Rendut, Tot 162, p. 696, 1911 ; “ Science Ahetroeta,” Vol. 
XIV.. No. 637 (1911). 

t Nnooo Omenta, vol. 12, p. 196 ; ” Soieneo AbetrocU," Vol. IV, No. 663 
(WOl). 
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the heat evolved on the formation of brass is very much 
below the equivalent of the contact force. 

Some determinations of this kind have als* been made ’ 
by J. B. Tayler,* who measured the heat of amalgamate 
first of the alloy and then of its constituents. Assuming 
that,the products are the same in»the two cases, the 
difference in the heats of amalgamation gives the heat of 
formation of the alloy. Experiments were made with 
various alloys and a number of different percentages. 
Where the percentage is such as to give a large gramme 
molecule, the heat of formation may equal, or even surpass, 
the equivalent value of the contact force. But the tact 
that an alloy of a certain percentage lias a heat of 
formation equivalent to the contact torce can only be 
looked upon as a coincidence unless we have reason to 
believe that this particular alloy is really produced when a 
current flows across a contact of the two metals ia 
question. 

SEAT OF THE E.M.F.— The controversy caused by the 
contact and chemical theories died out as the doctrine of 
the conservation of energy sprang into existence. Since 
electrical energy must of necessity lie obtained by the 
transformation of some other form of energy, it could nofc 
he produced by contact alone. But another controversy 
arose which has not yet been brought to a satisfactory 
conclusion. Admitting that contact force exists and that 
chemical action is also necessary, what point in the circuit 
may we regard as the seat of the E.M.E ? 

Consider a simple element consisting of zinc and copper 
in dilute sulphuric acid. When the circuit is closed there 
are three contacts, viz., Zn / Uu, Cu / acid, and acid / Zn. 
Owing to the comparatively large value of the contact 
force between copper and zinc (about 075 volt) and the 
small "values of the contact forc e for the other two 
*“ • PUL Mag., Vol. 50, pp. 37-43, July, 1900, 
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junctions, it is somewhat natural to assume that the seat 
of the E.M.F. is at the copper^inc junction. The value 
* of the contact force', however, is not quite as high as the 
actual E.M.F. of the cell, and there is no obvious reason 
why the other two contacts should be left out of account. 
T’ossibly their exclusion is due to the idea given by Kelvin’s 
divided-disc experiment, that when zinc and copper are 
plaft'd in water they are at the same potential. But it has 
been shown by Ayrton and Berry* that, although this may 
be true at the instant of immersion, the zinc soon becomes 
negative to the copper, and thus the total E.M.F. becomes 
greater than the value of the contact force at the metallic 
junction. The same authors have shown that the E.M.F. 
of a cell is equal to the sum of all the contact forces in 
the circuit. The E.M.F. cannot depend upon the metallic 
junction only, for it would then be independent of the 
electrolyte, which is not the case. Another objection to 
placing the E.M.F. at this junction arises from the fact 
that no apparent change takes place there. It is natural 
to expect a change somewhere, and if we accept the idea 
that energy must be transformed where an E.M.F. exists, 
it becomes necessary to look to some other part of the 
circuit. 

Passing on to the two acid junctions, we find that the 
contact force in botli eases is small. At the surface of 
the platinum, hydrogen is evolved, but otherwise no other 
tdiemical change takes place: the platinum remains un¬ 
affected. At the surface of the zinc, on the other hand, 
there is a marked chemical change, the metal being 
dissolved, and, therefore, the zinc/acid junction is generally 
favoured us the seat of the K.M.F. by those who accept 
the definition of E.M.F. given above. It is not clear, 
however, why the platinum/acid junction should be left 
out of consideration. The ordinary solution of zinc by 
sulphuric acid involves the formation of zinc sulphate and 
• /Vo*.Ttoy7Soc., Vol 27 f. 196,187a 
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the liberation of hydrogen at the same spot. Bnt when 
the solution is effected elfctrolytically the salt is formed 
at one plate, whilst the hydrogen is liberateiftit the other * 
and there is no reason why the energy corresponding 
the reaction should not be partly transformed at one plate 
and* partly at the other. Taking thj whole circuit into 
consideration it seems more reasonable *to suv there are 
three seats of K.M.F., viz., at the junctions zinc/acid, jflati- 
num/acid, and ziue/platinum, the latter being very small. 

Various other views have been stall'd from time to 
time. For instance, Fleeming Jenkin* has expressed the 
opinion that the E.M.F. is probably due to the metallic 
junction, but that the current, which is maintained by it, 
is produced by chemical action. 



Flo. 24.—Variation of Potential in a Voltaic Circuit, according to Ayrton 
and Perry. 

Ayrton and Perryf prefer to say that, although energy 
is transformed at the zinc plate, a potential difference, 
equal to the contact force, exists at the metallic junction. 
In support of this view they give a representation, which 
is reproduced in Fig. 24, of the variation of potential in 
the circuit. The broken line here given is supposed to be 
continuous, the two points marked 0 being one and the 
same The current is flowing in the direction of the 
arrows, and potential is measured upwards. The zinc 
part of the circuit is represented by B D, the electrolyte 
by D'E', and the copper by EGA The circuit being 
closed, there is a fall of potential along the conductors, 

• “ Electricity end Magnetism," 7th Edition, p. 66. 
t Pkii. Mag., VoL 21, p. 61,1686. 
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and therefore the I'ties representing them are gifen a 
sloping direction. At the junction of copper and zinc 
there is a risfc of potential indicated by A B. Similarly at 
zinc/ueid junction there is a rise, shown by DI)', and 
at the acid/copper /unction a fall, shown by E' E. Making 
use of the usual lfydraulie analogy, we muy imagiae a 
pump to be working somewhere in I)' E\ The water, in 
circulating, gains potential energy wherever it rises: thus 
potential energy is gained in rising from A to B and from 
D to I)' (these parts being supposed to be vertical); 
but no external energy is there supplied, the pump 
being in 1)' E'. In other words, the place where energy 
is transformed (by the pump) is not necessarily the place 
where potential energy is gained. Similarly, in the actual 
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circuit, energy is transformed at the zinc/acid junction, 
but there may be a rise in potential at the zine/platinum 
junction. A distinction is thus drawn between E.M.F. 
and potential difference which is not easy to understand. 

It might be thought that such a potential difference, 
if it really existed, could be readily detected by means 
of a voltmeter connected to each side of the junction, as 
indicated in Fig. 25. But, in such a case, the junction 
effect appears twice and neutralises itself. Suppose the 
voltmeter V to be wound with copper and to be connected 
up with copper; then the total potential difference acting 
upon the instrument is:— 

P.D. due to current+Pt/Zn+Zn/Cu+Cu/Pt 
«=P.D. due to current+Pt/Zn+Zn/Pt 
••P.D. due to current. 
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Hence the effect observed is due to the current only, and 
is independent of the junction The same remark applies 
to an electrostatic instrument. Let the inAictow be of * 
some metal or alloy M, as indicated in Fig. 26. TljPfr 
beginning at the left-hand side of the instrument, we have, 
as the total E.M.F. acting, • 

M/Cu + Cu/Pt+P.D. due to current +Pt/Zu + Zn/Cu 

+<?u/M 

= Cu/Pt+P.D. due to current + Pt/Cu 
= P.D. due to current. 

This difficulty, which occurs equally at a metal liquid 
junction, is at once overcome if we assume the definition 
of E.M.F. already given, and thus accept measurements 
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of the Peltier effect. These indicate only a small E.M.F. 
at a metallic contact* and large values at the metal-liquid 
junctions. But then it is a matter of definition. 

Swinburne* has made the bold assertion that there is 
no seat of the E.M.F., and that a coulomb of electricity 
in flowing round the circuit formed by a closed cell 
continually falls in potential, never regaining it. This 
view of the matter is best explained by considering a 
magnetic circuit. Suppose we have a horseshoe electro¬ 
magnet, or a ring magnet with an air gap in it Imagine 
a " unit pole ’’ near one of the magnet poles. Let it move 
over to the other pole. The work which it does ia so 

* Sm Cantor Lecturer on “ Electro-Chemietry," by Jenna Swinburne, 
Journal of the Society of Art*, 1886. 
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moving is a measure of the difference of magnetic potential 
lietween the magnet poles. Let it move on through a small 
tunnel in tie iron until it regains its first position; the 
additional work done is of the same sign as before. Thus 
each time the unit pole moves round the magnetic circuit, 
a definite amount (i work is done, which we know [o he 
equal to (M-irnc, where n is the number of turns in the 
mujjpot winding and c the current in amperes flowing 
through them. Each time the unit pole moves round 
this path, its circuit in interlinked with the electric 
circuit and the same amount of work is done. It there¬ 
fore follows that the magnetic potential at any point 
has an infinite number of values differing by multiples 
of 0'4t»c. 

Consider, further, a conductor in the form of an 
incomplete ring through which a magnetic pole is being 
moved. An KM.F. is generated in the ring, giving rise 
to a potential difference, which we may suppose equal to 
one volt, at its terminals. If a coulomb is allowed to flow 
from one terminal to the other, it falls in potential and 
dot's work to the extent of one joule. If it continues to 
flow along the conductor, it still does work of the same 
sign, owing to the. resistance of the conductor and 
consequent variation of potential? Thus, in passing 
round tile circuit to the terminal from which it started, 
the coulomb does a certain amount of work, say, two 
joules Every time it passes round the circuit it does 
work to the same extent, and so it follows, as in the case 
of the magnetic circuit, that each point in the conductor 
has an infinite number of potentials. This statement is 
not opposed to live usual definition of potential, viz., that 
the potential of a point on a conductor is equal to the 
work done in moving unit quantity of electricity up to 
that point from an infinite distance, because there is no 
stipulation as to the path to be followed by this unit 
quantity; it might follow the most direct path, or it might 
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•pass several times round the circuit under consideration, 
thus increasing the work done. 

Now consider a cell, the external resistance of which 
is infinitely large compared with the internal resistance^ 
Suppose the potential difference at the terminals to be 
one folt. Unit quantity of electricity in passing from 
the positive to the negative terminal falls one volt in 
potential: the work done amounts to one joule as bef^e. 
If the electricity passes on through the cell to the other 
pole the additional work done is negligible; hut, such as it 
is, it corresponds with a further fall of potential. People 
generally have the idea that the potential is again raised 
in passing through the cell, but Swinburne prefers to 
think that it still falls and that there is a cyclic difference 
of potential just as there is in the magnetic and electric 
circuits already deseritad. 



Fiq.27. 


The analogy does not, however, seem altogether clear. 
There certainly are cases, even where the EM.F. is due 
to variation of induction, in which there is what may be 
regarded as a seat of EM.F.; for example, a dynamo, 
connected to an external circuit, is' the seat of EM.F. for 
that circuit. Again, suppose we have a conductor bent 
into the form cf a figure 8, as in Fig. 27. Let a magnet 
move through the part A, ami let B be completely 
shielded from induction, which is theoretically possible. 
As the magnet moves, an EM.F. is generated in 
the loop A, but not in B. Thus it would not be 
unreasonable to look upon the loop A as the seat of 
EM.F. for the entire circuit. Theoretically, A might be 
as small as we please and thus the seat of EM.F. would 
be located at one point of the circuit 
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In coming to the voltaic cell, it is not easy to s«e how 
a cell is strictly similar to the electric circuit with which 
it is compared. The latter i» cutting the lines of force 
throughout the whole length as the magnet moves, and 
*tfie E.M.F. results through the relative motion of two 
hollies which an; entirely independent of each other. 
There is no reason why one point rather than any‘other 
of % the conductor should lie looked upon as the seat of the 
KM.F. But in a cell the. case is very different. The 
circuit is, as it were, self contained. The E.M.F. is not 
in any way dependent upon u body external to tiie 
circuit, and thus it is not unnatural to place the seat of 
E.M.F. at one of the junctions, or points of discontinuity. 

Those interested in the theory of the Voltaic cell should 
read the presidential address delivered in 1000 by Lodge* 
to the Physical Society of London, in which the whole 
subject is discussed. 

CONCLUSIONS WITH REGARD TO THE SEAT OF 
ELECTROMOTIVE FORCE. —Perhaps the safest conclusion 
to which a consideration of the various theories lead is 
that the whole matter is largely a question of definition, 
and that it is, therefore, of relatively very small importance. 
It depends a great deal upon the point of view, and so 
we cannot say that one theory is oorreet and another 
necessarily wrong. This statement is also true of many 
other phenomena, as pointed out by Willard Gibbs, f For 
example, some people might say that the circulation of 
water in a hot-water system is due to the action of 
gravity upon the vertical columns of water at different 
temperatures and having different densities; others might 
say that it is due to the furnace. 

Our ideas are naturally based upon processes most 
familiar to us. Being accustomed to the flow of water 

• “ Proceedings," Physical Society, Vol. XVII., p. 369. Phil. Mag., 
VoL49, pp. 351-383 and 454 475,1900. 

f Electrical Review, Vol. 15, p. 407, Nov. 22,1884 (Discussion on Lodge’s 
Paper on " The Seat of Electromotive Force," B. A.). 
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under *the action of gravity, we are struck with the 
similarity of electric flow, and thus we are tempted to 
carry the analogy too far. * It is convenient tb think of 
electricity being raised in potential at some point in the 
cell, just ns a pump raises water to a higher level, keeping 
up a .continuous stream and enabling* the water to do 
work by its downward How. But the puinp is not 
necessarily placed where the water gains potential em;rj$\ 
We may, of course, define the seat of E Ml as the point 
where energy is given to the circuit, but that is only a 
definition, and we cannot always decide upon the position 
of such a point. 
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THEORY OF THE VOLTAIC CELL (continued). 

Electrolytic Mechanism of the Voltaic Cell, p. 83.—Objection* to the 
Grotthua Theory, p. 83.—Modification of Clausius, p. 86.—Iowsation 
Theory of Arrhenius, p. 88.—Electrolytic Conductivity, p. 89.— 
Osmotic Pressure, p. 91.—Vapour Pressure, p. 94.—Boiling Points 
anti Freezing Points of Solutions, p. 96. —Behaviour of Electrolytes, 
j>. 97 —Osmotic Pressure Theory of Cells, 99 — Electrolytic 
Solution Pressure, p 99.—Calculation of * Single E.M.F., p 100,— 
Measurement of a Single E.M.F., p 105 — Calculation of Electrolytic 
Solution Pressure, p. 108.—Influence of Negative Ion. p, 109.— 
Comparison of the Helmholts and Nernst Equations, p 110. 

ELECTROLYTIC! MECHANISM OP THE VOLTAIC CELL. 

—Let us now pass on from the various discontinuities of the 
voltaic circuit to a consideration of what takes place within 
the electrolyte itself. We know that a certain decompo¬ 
sition takes place, and that certain compounds are formed, 
but how shall we imagine conduction to be carried on ? 
What, in fact, is the mechanism of conduction ? 

In Chapter II. an account was given of the theory of 
Grotthus. This theory is in accordance with the broad 
facts of electrolysis, but in the following respects it has 
been found wanting:— 

i. mtrrmo e.m.f. neobssasy fob decomposi¬ 
tion. —We should expect the E.M.F. to exceed a certain 
limiting value, according to this theory, before electrolytic 
decomposition could take place. But, in certain cases, 
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this is not found to be so. For example, the application 
of the smallest K.M F. to two copper plates immersed in 
%tbe solution of a copper salt will cause a current to flow. 
If we suppose conduction to take place by means of 
Grotthus chains, Ve should expect no current to flow 
until the applied E.M.F. is equivalent to the heat of 
fdPmation of the compound in solution. It would then 
be capable of decomposing a molecule in the chain, and 
recompositions and deoompositions would follow according 
to the hypothesis. That no such limiting E M.F. is found 
to be necessary has been explained by saying that the 
energy required for any decomposition is returned to the 
circuit by the immediate recomposition which follows, as 
already explained. Such a statement, however, leads to a 
Becond difficulty. 

2. VIOLATION OF THE SEOOND LAW OF THERMO¬ 
DYNAMICS. —The recomposition which follows a decompo¬ 
sition no doubt returns energy to the circuit, and in this 
way the total energy expended in a given time might be 
nil. But we cannot admit that a decomposition can be 
due to a subsequent recomposition, or that work can be 
done by energy which is given to the system after the 
work which it accomplishes is complete. Such a statement 
would be a direct contradiction of the second law of 
thermodynamics, which practically affirms that energy in 
a state of rest cannot of itself become active. 

3. REPLACEMENT OF A BOUND BT A FREE ION.— 

It is sometimes objected that the successive decompo¬ 
sitions in a Grotthus chain take place through the 
replacement of a combined ion by a free ion, and that 
there is no reason why such a replacement should take 
place. That is no doubt the case if each ion is looked 
upon as really free after the decomposition of its molecule. 
But, in reality, the ions cannot very well be regarded in 
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such a light, as they are under the influence of electric 
forces throughout 

1. MIGRATION OF THE IONS.—When electrolysis takes 
place, the ions move towards their respective electrodes 
bearing their charges with them. In a -Jirotthus chain 
we have the equivalent of two streams o.' ions, moving 
in opposite directions, and apparently with the same 
velocity. Now if a current is passed through a solution 
of copper sulphate by means of platinum electrodes, it 
is found that more copper sulphate is lost about the 
cathode than about the anode. This phenomenon, which 
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is a very general one in electrolysis, was explained by 
Hittorf on the assumption that the velocities of the two 
ions are different. In the case of copper sulphate, for 
example, if the Uu ion travels more slowly than the 40 ( , 
the effect would be equivalent to a bodily transfer of 
CuS0 4 towards the anode, and would account for the 
observed phenomenon. These apparently unequal migra¬ 
tion velocities, as they are called, are generally considered 
as evidence against the theory of Grotthus. 

The migration of the ions will be more readily understood 
by referring to Fig. 28. Here each positive ion is 
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represented by a plus sign, and each negative ion by a 
minus sign.. 

At the start, each positive ion has a negative one 
Vo ngside it, as indicated on the line A. Suppose the 
negative ions to nujve twice as fast as the positive. Then 
■when three ions have been deposited, the positive' ions 
moved one space to the left and the negative ions 
two spaces to the right, as indicated on line B. Line C 
shows the state of things when six ions have been 
liberated. Now if we imagine the cell to be divided into 
anode and cathode compartments by the line I) K, we see 
that the loss at the cathode is double that at the anode, 
just as the velocity of the anion is double that of the 
cathion. The ratio of the velocities (on the assumption that 
there is no transfer of electrolyte or hydration of the ions) 
is given by the ratio of the losses of the compound in the 
neighbourhood of the two electrodes* 

Such losses might, however, be accounted for by sup¬ 
posing that the ions, although moving with equal velocities, 
are often complex, carrying molecules of the solution along 
with them. It is also not impossible to imagine unequal 
velocities of the ions in a Grotthus chain. After the 
recomposition of a molecuh; has taken place in a chain 
of this kind, it will be noticed, according to the usual 
representation, that the molecule is facing the electrodes 
in the wrong way. It is therefore necessary for a 
rotation to take place. The two ions will rotate about 
their centre of mass, and, if their masses are not equal, it 
follows that the motion of one ion in one direction will be 
greater than that of the other ion in the opposite direction. 
Consequently the ioDic velocities will be different, and the 
observed concentration-changes will follow as a matter of 
course. 

MODIFICATION OF OLATJSIOS —Owing to the somewhat 
unsatisfactory nature of the Grotthus hypothesis, Clausius 
introduced the idea that the ions of any molecule are not 

* Set 8. W. 1. Smith {Pne., Phj« Soc., Vol XXVIII., p. MS. 1916) 

to the idcompteteneu of Ihi* explanation. 

C ...1 
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always linked to one another, but that they are continually 
exchanging partners, as it,were, with the ions of the other 
molecules. For example, in a solution of sodium chloride,' 
the sodium and chlorine of any molecule do not for ]^n§ 
remain attached to one another; the sodium changes 
place with the sodium of a second molecule and the 
chlorine may change place with the chlorine of a third 
molecule. This interchange is continually going off, so 
that a certain number of free ions are always in solution, 
In the ordinary state of things the direction of motion 
of the free ions is in no definite direction. But as soon as 
an E.M.F., however small, is applied at the electrodes, the 
free ions move along the lines of force and collect at the 
electrodes, where they will separate if the E.M.K. is 
sufficient to overcome the polarisation and prevent 
recombination. Voltaic action is also readily explained, 
in the manner suggested by Helmholtz, if we assume that 
each metal (or electrode) has a specific attraction for 
electricity, and consequently for the ionic charges. Thus 
it would be assumed that zinc attracts a negative charge 
more powerfully, and a positive charge less forcibly, than 
does copper. Consequently when plates of copper and 
zinc are placed in sulphuric acid, there is a resultant 
attraction of the positive hydrogen towards the copper and 
an attraction of the negative SO* towards the zinc. As 
the ions interchange they will be drawn, under the 
influence of these forces, to one or other of the attracting 
plates, where they will be deposited. On open circuit, 
however, such deposition will soon cease, because each 
plate will become positively or negatively electrified 
and the resulting electrostatic charge will repel those 
ions in solution which are of the same sign, and thus 
prevent their further deposition. In this way, the zinc 
will become negatively, and the copper positively, electrified. 
Since the ionic charges are large the amount of chemical 
action necessary to bring about this electrification is very 
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minute; but upon closing the circuit chemical action 
continues, bgcause the charges ofi the two plates neutralise 
each other, giving rise to a currmt, and more deposition 
then take place. The simple Grotthus theory does 
not, allow such a spontaneous electrification, but otherwise 
it permits an explanation on somewhat similar lines. 

« 

IONISATION THEORY. —Clausius, as we have seen, 
assumed that a certain small proportion of ions were in 
the free state. In 1887 Arrhenius went a step further and 
asserted that practically all the molecules of an electrolyte 
in dilute aqueous solution arc dissociated, or ionised, as it 
is called, into charged ions, any undissociated molecules 
being electrolydually inactive. Thus, when sodium 
chloride is dissolved in water the solution contains very 
few molecules, these being nearly all broken up into free 
Na and Cl. The solution does not look yellow or smell 
of chlorine because chlorine, as we know it, is 01 a , not Cl, 
and for a similar reason the sodium ions do not decompose 
the water. But' when the ions become deposited and 
separated from their charges, then they are transformed 
into the molecular condition to which we are accustomed. 
Nevertheless, the idea that a stable salt like sodium 
chloride should be resolved into its constituent atoms 
simply by dissolving in water is at first sight somewhat 
diilicult to understand. On that account, and also because 
of the great importance of the theory, not only in 
electrolysis but also in primary cells, we shall do well 
to see upon what foundations it is based. These founda¬ 
tions are chiefly concerned with electrolytic conductivity, 
osmotic pressure, vapour pressures of solutions, and boiling 
points and freezing points of solutions. It would take too 
much space to consider these subjects fully, and we shall 
therefore only attempt to give a very brief account of 
each, simply in its relation to solution and the theory of 
ionisation. 
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ELECTROLYTIC! CONDUCTIVITY.- Kohlranseh mad.' a 
large number of measuremdhts of the conductivity of electro- ■ 
lytic solutions. Specific conductivity, or the reciprocal 
the resistance between opposite faces of a one-centimetre 
eubt;of the solution, gives very little insight into the ques¬ 
tion of dependence of conductivity on concentration. If the 
conductivity depends upon the concentration of the somite 
rather than upon the solvent, the latter should be more or 
less eliminated from a statement of results from which a law 
of any kind is expected to follow. For this reason Kohl- 
rausch made use of what is termed molecular conductivity 
which is obtained numerically by multiplying the specific 
conductivity by the volume, in cubic centimetres, contain¬ 
ing one gramme molecule of the substance in solution. If 
a number of substances are taken and a solution of each 
is made up containing one gramme molecule per litre, the 
number of molecules in unit volume of each solution is 
the same, and the conductivities are therefore comparable. 
One litre is generally taken as the unit of volume in such 
measurements, and therefore when a solution contains 
one gramme molecule per litre, the molecular conductivity 
is 1,000 times the specific conductivity, if a solution of this 
strength is diluted, the molecules become more separated, 
and the specific conductivity cannot be compared with 
that previously observed. But on multiplying this con¬ 
ductivity by the new volume, this separation of the 
molecules is compensated for, and we obtain a measure¬ 
ment of the molecular conductivity which is comparable 
with the previous value. If the specific conductivity 
varied inversely as the volume, the molecular conductivity 
would remain constant, but that is not the case. 

Kohlrausch obtained two very remarkable results. 
The first may be stated as follows:—The molecular 
conductivity of an electrolytic solution increases with the 
dilution and reaches a maximum value approximately 
corresponding with infinite dilution. ' 
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The following figures, which refer to a solution of 
potassium chloride and are djie to Ostwald, afford an 
illustration of this fact:— 


Gramme equivalent* j Molecular 

per litre. conductivity. 

Percentage of Molecules 
ionised. 

50 

879 

68 

1-0 

977 

75 

a 05 

1,018 

78 

01 

1,113 

86 

0-05 

1.178 

90 

001 

1,219 

94 

0-006 

1,235 

95 

0-001 

3,268 

98 

00006 

1,275 

98 

00001 

1,285 

99 

Infinite dilution. 

1,296 

100 


Here the molecular conductivity increases with the 
dilution, tending towards a maximum, which is reached 
when the dilution is infinite. If we regard molecular 
conductivity as a measure of ionisation, then this 
maximum corresponds with a state of complete ionisation; 
and the ratio of the molecular conductivity at any 
concentration to that at infinite dilution gives the per¬ 
centage of molecules ionised at that concentration, as 
shown in the right hand column of the aliove table. 

Secondly, Kohlrausch found that a change of catbion 
produces a definite change of molecular conductivity 
independent of the anion iu very dilute solution, and the 
same is true for a change of anion. For example, the 
difference in molecular conductivity between equi- 
molecular dilute solutions of KC1 and Nad is equal 
to the difference between solutions of KNO s and NaNOi 
of the sums molecular concentration. From this it 
follows that the molecular conductivity at infinite dilution 
consists of the sum of two independent terms, which 
depend upon the anion and cathion respectively, aud 
which may be taken as being equal to the ionic velocities. 
In the form of an equation we have 
/*. =» + r, 
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in which is the molecular conductivity at infinite 
dilution and u, v, the iouiw velocities. The statement that 
the velocities of the ions are independent of oue another 
is known as the Law of Kohlrausch. Solutions of norifiaf 
salts having two monovalent ions are,fouud to obey this 
equation closely, but the molecular conductivities in the 
case of polyvalent ions are smaller than would be expeejpd. 
It is, therefore, preferable to tuke Ostwald’s modified form 
of the equation, and to include a constant a such that 
=«0 + r). 

Under what may be regarded as normal conditions a is 
unity and the equation reduces to the simpler form. 

The above facts were known at the time that Arrhenius 
brought forward his theory, and they formed some foun¬ 
dation upon which to build it. If we accept the idea of 
independent ionic velocities, the entire independence of 
the ions themselves at once suggests itself. We will now 
pass on to work which was completed at a later date and 
which has served to strengthen and confirm the theory 
of ionisation. 

OSMOTIC PRESSURE.—The nature of osmotic pressure 
will be most readily understood by referring to the following 
simple experiment. In Fig. 29, the vessel A is the head of 
an inverted thistle funnel, the stem being broken off. Across 
the top is stretched a piece of bladder which is tied round 
the funnel. In order to make a water-tight joint, the 
bladder should first be made wet with hot water so as to 
obtain an even surface, after which it is slightly dried. 
The funnel is made hot, and some Chatterton insulating 
compound is quickly applied all round the edge. While 
the Chatterton is still hot the funnel is placed top down¬ 
wards upon the bladder, which is then tied round the 
edge. If properly carried out, a perfectly water-tight 
joint will result When the vessel m t formed is oomplete, 
it is filled nearly to the top of the neck with a strong 
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solution of sugar, and joined by a good fitting pilce of 
rubber tubing B to a fine capillary glass tube 0. By 
- slowly pushing the latter dotfn into the vessel A, the 
(Jevel of the sugar solution in the capillary tube may 
be adjusted to any desired height. The vessel A is now 
immersed in a heater of water 1). For the first hour 
or two very little may happen. Possibly the level in the 
cupdllary tube will even fall. But at the end of a day, a 
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very decided rise will be observed due to what is termed 
the osmotic pressure of the sugar. As soon as the 
diaphragm assumes a steady state the rise is rapid. With 
a tube of about half a millimetre bore and a funnel l|in. 
diameter,, the author lias observed a rise of 11cm. in 
twenty minutes. 

This pressure is generally explained by saying that 
. the sugar molecules are striving to pass through the 
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membrane into the water. The membrane acts like a 
molecular filter, being impermeable to the sugar molecules, 
but permeable to the watflr molecules; and m> the water 
passes inwards, but there is little or no exit of sugar if t.lii^ 
membrane is suitable. Various membranes are employed 
in experiments of this kind, artificial ones being the most 
effective. 

The pressure so observed, which may amount to several 
atmospheres, is generally regarded as the pressure exerted 
by the sugar molecules. On observing the osmotic 
pressures of various solutions it is found that equiiuo- 
lecular solutions exert equal osmotic pressures, thus 
showing that the pressure depends upon the number of 
tiie molecules in solution per unit volume. This result 
is similar to the law of Avogadro for gasos, whicli states 
that equal volumes of gases measured under the same 
temperature and pressure contain the same number of 
molecules. 

As tlie result of a number of experiments, Pfeffer found 
that the osmotic pressure of a solution is proportional to 
the concentration and to the absolute temperature. Now, 
the concentration of a solution is the reciprocal of its 
volume. We may therefore write this result in the form 

P-R'yT, 

or PV = R'T, • 

in which P i3 the osmotic pressure, V the volume, R' a 
constant, and T the absolute temperature. 

Van’t Hoff was the first to point out the striking analogy 
between this result and the laws of Boyle and Charles, 
which are embodied in the well-known equation referring 
to gases, viz.:— 

pv *=HT, 

in which the letters have similar significations to those in 
the previous equation, the only difference being that in 



04 


PRIMARY BATTERIES. 


the former we are dealing with a volume of solution, 
whereas in the latter a volupie of gas is in question. 
Upon investigating the results of Pfeifer, van’t Hoff found 
xftat the values of the constants R and R' in the two- 
equations were practically the same, whence he came 
to the following remarkable conclusion:—The osmotic 
jj^essure exerted by the molecules of a given weight of 
substance in solution is equal to the pressure which an 
equal weight of the substance would exert at the same 
temperature if it occupied a volume in the gaseous state 
equal to that of the solution. 

It thus appears that a substance in solution (at least 
when dilute ) acts in the same manner as a gas, and that 
the laws of Avogadro, Boyle and Charles all apply to such 
solutions if the osmotic pressure he substituted for the 
gaseous pressure. It is therefore concluded that, in the 
process of dissolving, a substance breaks up to a very 
large extent into separate molecules. When the solution 
is sufficiently dilute all the molecules assume a separate 
existence, and the osmotic pressure then becomes a 
measure of the number of molecules present. Such, 
briefly, is van’t Hoff’s theory of solutions. Before dis¬ 
cussing the bearing of this theory on ionisation, we will 
pass to other results which serve to confirm this view. 

VAPOUR PRESSURE.—When a liquid is placed in a. 
confined space, evaporation takes place, and continues 
until the vapour exerts upon the walls of the enclosure a 
definite pressure varying with the temperature. This 
fact can be easily shown by introducing a drop of liquid 
into the vacuum above the mercurial column of a 
barometer. The level of the mercury falls, and this fall, 
supposing the lower level of the mercury to remain 
practically constant, is a measure of the vapour pressure. 

* Tbe mor* recent work of Kora, tod Berkeley end otto* bee shown 
that the correspondence is more erect if the concentration is rs f erred to 
the volume of the solvent insteed of to thet of the solution. 
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Now if a liquid contains a body in solution it is found 
that the vapour pressure pf this solution is less than the 
vapour pressure of the pure liquid. By working with 
solutions in this way, Iiaoult arrived at the followBijf 
conclusions:— 

1* If p is the vapour pressure of the solvent and p' 
that of the solution, then the relative depression ^ 
is independent of the temperature. 

2. In the case of dilute solutions the relative depression 
increases in proportion to the concentration. 

2. Defining molecular depression of the vapour pressure 
by the expression 

p-p' m 

-p ■ T 

in which m is the molecular weight and l the quantity of 
dissolved substance in, say, 100 grammes of the solvent, 
then the following statement is found to be true:—The 
molecular depression has a constant value for solutions of 
dillerent substances if in the same solvent: it is, therefore, 
independent of the quality of the dissolved molecules. 

The molecular depression, as here defined, is simply the 
depression obtained with a solution containing one gramme 
molecule of the solute in 100 grammes of the solvent. 

4. The relative depression is equal to the ratio of the 
number of molecules of the solute to the total number of 
the molecules of the solute together with those of the 
solvent; or, in the form of an equation, 
p—p' n 
p ~N+»’ 

in which n is the number of molecules of the solute 
and N of the solvent. 

These results were obtained experimentally. But the 
last equation may be deduced theoretically from the law* 
of osmotic pressure, and thus the variations of vapour 

pressure serve to confirm vau't Hoff"s theory of solutions. 

a 
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BOIUKO POINTS AND FREEZING POINTS OF 

.MENTIONS_Since the vapour pressure of a liquid is 

diminished when it contains a substance in solution, it 
ibttows that the boiling point of a solution is higher, and 
the freezing point lower, than that of the pure solvent, 
We should therefore expect these variations to give aBo a 
measure of the number of molecules in solution. 

fiiis, in fact, is found to be the case. The increase in 
the boiling point is proportional to the amount of the 
solute. If the observations are reduced to what may be 
looked upon as a normal solution, for example, a gramme 
molecule of the solute dissolved in 100 grammes of the 
solvent, we arrive at the molecular increase of boiling 
point Representing this by B, we have 

w 

in which is the boiling point of the solvent, t that of 
the solution, u> the number of grammes of the solute in 
100 grammes of the solvent, and M the molecular weight 
of the solute. The right-hand side of this equation is 
simply the reduction of the observed rise to the normal 
solution. The value of the molecular increase of boiling 
point is found to vary with the solvent, but to be inde¬ 
pendent of the solute with some exceptions. Thus, using 
the Same solvent, equimolecular solutions give tbe same 
increase of boiling point. 

The same remarks apply to the depression of the 
freezing point If the molecular depression is represented 
by F, we have 

%;■' v> 

|Mfc3oh the remaining letters have the same meaning ae 
before, except that i e and t now refer to freezing points. 
By purely theoretical - reasoning, based upon osmotic 
pllwino. vant Hoff arrived at the equation 
T 0-02T* 

I m --, 

x 
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in wHich T is the freezing point of the advent on the 
absolute scale and X thp latent heat of fusion of the 
solvent The experimental and theoretical values for F 
are geaerally much the same. In the case of water, id 
instance, Raoult's observed molecular depression is 18-5 
and*the calculated value is 18'9. A similar formula holds 
for the rise of boiling point. We therefore find that 
van’t Hoff’s theory of solution is again experimentally 
confirmed. 

BEHAVIOUR OP ELECTROLYTES—Accurate observa¬ 
tions upon osmotic pressure and vapour pressure are 
difficult to carry out. Determinations of freezing points, 
on the other hand, are comparatively eusy; and, as all 
these phenomena are closely connected, results obtained 
for one hold for all. A large number of observations have 
been made by Raoult upon the depression of the freezing 
point, and later by Pousot, Loomis, II. C. Jones and others. 
Now, although the various laws mentioned above hold 
for solutions which are non-electrolytes, it is found that 
abnormal results are at once obtained as soon as electro¬ 
lytes are dealt with. Osmotic pressure and variations of 
vapour pressure, boiling point, and freezing point are all 
larger than would be expected, the effect increasing with, 
the dilution. Electrolytes behave as if they consist of an 
abnormally large number of Molecules. But these results 
are all readily explained if ionisation is assumed, and thus 
the observations of Booult are to be regarded as con¬ 
firmatory evidence in favour of the ionisation theory. 

It must, however, be remembered that the phenomena 
that we have just been considering are not independent 
of one another, and that therefore evidence obtained from, 
say, osmotic pressure cannot be looked upon as additional 
to, and independent of, evidence in favour of ionisation 
obtained from freezing points. The chief foundation of 
the theory is based on what we have briefly described, 

at 
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although there are other facts which we cannot enter into 
, here. A critical examination 0 / the whole theory would 
take us too far from our subject; we must therefore be 
Vohtent with saying that the belief in ionisation has 
spread to a wonderful extent on the continent and else¬ 
where, but it has met with a good deal of opposition in 
this country. The theory of Arrhenius only applies to 
very dilute solutions; concentrated solutions may ba 
quite differently constituted, and therefore the theory is 
a very limited one. But the facts cannot be denied: the 
only question is the validity of the deductions. Ionisa¬ 
tion is not necessarily the only way of accounting for 
these facts. For example, 1’oynting* has shown that 

Uaoult’s formula for vapour pressures, viz., £zii =_“_, 

p N + » 

may bo arrived at equally well by assuming that 
association takes place between solute and solvent instead 
of dissociation of the dissolved molecules. This hypothesis 
has lieen advocated by Armstrong. 

More recent work by 11. C. .Tones, K. Ota and others ha 3 
lead to the conclusion that both molecules and ions may 
combine with a varying number of molecules of the solvent, 
giving rise to what are conveniently termed “ solvates ” 
(corresponding to hydrates in nqueous solution). This 
effect is accentuated with increasing concentration, causing 
the solution to be virtually more concentrated than appears 
from the mere weights of the solvent and solute. Non¬ 
electrolytes appear to solvate hut slightly. 

A good deal of work lias also been earned out on non- 
aqueous solutions, which seem at first sight to be irregular. 
For example, there are many cases in which the molecular 
conductivity decreases, instead of increasing, with increased 
dilution; and many solutions, which, according to molecular 
•weight determinations, are hot ionised, are good conductors. 


BW. Mat. (5), Vol 42, p, 289,1896, 
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Thn$ L Kahlenberg* has carried out a number of deter¬ 
minations of the degree of ionisation of aqueous solutions 
by the boiling point and‘freezing point methods and also* 
by the conductivity method, from low to very high conqprt 
trations. He found that there are solutions which are 
excellent conductors, but which do <not show abnormal 
molecular weight of the dissolved substance. In some cases 
the molecular weight decreases with increase of coucen*ra- 
tion, finally becoming less than what it ought to be even on 
the assumption that ionisation is complete. It was found 
that, in many cases, there was not even a qualitative agree¬ 
ment between freezing points and boiling points of solutions 
on the one hand and their electrical conductivity on the 
other, as is claimed by the theory of Arrhenius. 

It appears therefore that, iu both aqueous and non- 
aquoous solutions, results have been obtained which are 
not in accordance with the ionisation theory in its simplest 
form and that account must also be taken of the solvent, 
more particularly if the solutions are not quite dilute. 

Having considered the ionisation theory and some of 
the physical phenomena which are most closely connected 
with it, we are now in a position to pass on to the 
osmotic pressure theory of cells. 

OSMOTIC PRESSURE THEORY OF CELLS. Electrolytic 
Solution Pressure.—When evaporation takcH place from a 
liquid in a closed vessel, it continues until the pressure of 
the vapour so formed reaches a certain value, depending 
upon the temperature and upon the liquid. After this 
maximum value of the vapour pressure is reached, the 
condensation which then takes place is equal to the 
evaporation: although molecules may still be regarded as 
escaping from the liquid mass into the gaseous, an equal 
number are passing back from the vapour into the liquid, 
and so a state of equilibrium is established in which the 

• Journal of Phyeical Chemistry, YoL V. f pp, 339-392, June, 1901. 
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vapour pressure is equal to and opposes the tendency of 
,the liquid to pass into vapour.. In the same way, the 
osmotic pressure of a saturated solution which is in 
cotftact with some of the undissolved solid substance may 
be looked upon as a measure of the “ solution pressure ’’ 
of the substance, or of its tendency to pass into solution 

In order to account for the E.M.F., or the difference 
of potential, between a metal and any electrolyte in which 
it is immersed, Nernst introduced the idea of “ electrolytic 
solution pressure” of the metals. This is analagous to 
vapour pressure, and indicates, or measures, the tendency 
of a metal to pass into free ions when placed in an 
electrolyte. These free ions are positively charged, and. 
therefore also the electrolyte containing them. Since both 
kinds of electricity result simultaneously, the metal must 
be negatively electrified, and will attract the positive ions 
to it What is called a “ double layer ” of electricities 
results at the surface of separation between the metal 
and electrolyte. As soon as the attraction of the metal 
for the positive ions is equal to the solution pressure, 
equilibrium is established, and no more ions pass into 
solution. If they did so, the electrostatic attraction 
would become greater than the solution pressure, and the 
reverse process would set in, viz., ions would pass back 
into the molecular state. Very few ions suffice to bring 
about this equilibrium, because the ionic charges are large. 

In the case of a liquid containing no ions of the metal 
in question, the value of the E.M.F. depends only upon the 
solution pressure. But if ions of the metal are present, 
the solution pressure is opposed by the osmotic partial 
pressure of the cathious, and the E.M.F. is smaller. Let 
P be the solution pressure, and p the osmotic partial 
pressure due to the metallic ions already present Three 
cases are possible. First, P>p: metal ions are produced 
and the metal becomes negatively electrified; but.since 
the osmotic pressure opposes the solution pressure the 
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numtier of ions, and therefore also the RM.F. so pro¬ 
duced, is smaller thanit would be if no ions were initially 
present. Secondly, P <*p : in this case the i2etai does not 
become chained, because no more metallic ions can* iJl 
produced, and therefore no E.M.F. results. Thirdly, 
¥<p: in this case cathions are precipitated, as it were, 
upon the metal, to which they give up their positive 
charges until the electrification is sufficient to repel # tha 
remaining cathions. Consequently the metal is positively 
electrified and the solution negatively, an E.M.F. being 
produced which is opposite in sign to that in the first 
case, where P is greater than p. 

Let us now calculate the value of this E.M.F. The 
ions at the surface of the metal where the “ double layer * 



is formed may be looked upon as being under a pressure 
equal to the solution pressure, whereas any ions in solution 
are under a pressure equal to the osmotic partial pressure 
of those ions. If a current Hows, due to the E.M.F., the ions 
pass from the pressure P to that of p, and in this change of 
pressure a certain amount of work rnuet be done by the 
ions. Suppose gas under a pressure p to be confined in 
a cylinder, as indicated in Fig. 30, by a piston of area A. 
Then the total pressure outward upon the piston is pA 
If the piston is allowed to move a very short distance, 
dx, outwards, so short tliat the pressure remains practically 
constant, the work done by the gas in so moving the 
piston is pAdx. But A dx is the variation in volume, or 
dv, caused by the motion; and so the work done is equal 
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to the pressure multiplied by the change in volume.' The 
_ total work done in varying frotn a volume i\ to i> 3 is given 
by the sum of such quantities, or by the integral 

f’pdv. 

Since in gases we have the relation pr=RT, the integral 
assumes the following value, viz.:— 

RT f v ’— 

Jr, v 

= RT log v 'f = RT log h, 
r i ^ P-i 

where p v p 2 are the pressures corresponding with v i: v* 
In this expression the value of the constant R depends 
upon the basis on which we start: it is equal to the 
product of a volume into a pressure divided by the 
absolute temperature of the gas. If a given volume of gas 
be taken at a given temperature, the pressure is not 
defined by these two quantities, because it still depends 
upon the mass of gas with which wc are dealing. By 
forcing more gas into the given volume the pressure 
would be changed, and the apparent value of the constant 
would also change. It is therefore necessary to deal 
with a definite mass. In our case the most convenient 
unit of mass is the gramme molecule. It will be remem¬ 
bered that a gramme molecule in the gaseous state 
occupies a volume of 22 38 litres at the normal pressure 
of 760 millimetres of mercury and at the normal absolute 
temperature of 273". All our quantities are then defined, 
and the value of R, expressed as heat, is found on this 
basis to be 2 gramme-calories. With this value for R, the 
expressions given above represent the work done when a 
gramme molecule of a gas changes from the volume 
*i to tij or from the pressure p\ to p* 

We may now continue the calculation of the E.M.F. 
When a current flows from the metal to the solution. 
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metallic icns pass from under a solution pressure P to the 
osmotic partial pressure p. .If the electrolyte is a dilute salt- * 
solution of the metal, supposed to las monovalent, it may^ 
be look d upon as completely ionised into equal numbfl-s 
of two ions, and the value of p will tlyui bo equal to half 
the Ttsmotic pressure, i.e., to the whole osmotic pressure 
which would result if no ionisation were to U^'e 
place. Since the solute in a dilute solution obeys the 
gaseous laws, we may apply the results we have just ob¬ 
tained for a gas. 11 thus appears that when a gramme mole¬ 
cule of a monovalent metal passes voltaicnlly into solution, 

work is done to the extent of J’T log ^ • lint if li is the 

' P 

KM. 1\ at the metal-liquid junction, and the work is 
wholly converted into electrical energy, this work is also 
equal to 90,500 E, la-cause 90,500 coulombs of electricity 
are required to decompose one gramme molecule. Thus 
we have the relation 

90,500 E = 1!T log 1 ’, 

p 

The left hand side of this equation is expressed as work, 
und therefore It must also la: expressed in that way. As 
already stated, it is equal to 2 gramme-calories, and thus 
to 2 x 42 x 10 s C.Q.S. units of work. Remembering that a 
coulomb is T ’ 5 of the C.G.S. unit, and that a volt is 10" 
C.G.S. units, we have for the value of the E.M.F. in volts 

E= . 2x4 2 . x - 1 .-_Tlog? 

96.5(H) x 10^'x 10* ^ p 

= 0-000087 T log- 
P 

- 00002 Tlog 10 |, 

the last value being obtained by converting the logarithms 
to the ordinary base of 10. If the temperature is 15°C, 
then T=288, and 

E-0-05751og w I 
P 


at 15°C. 
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If the metal is not univalent we have the more general 
formula 


(. 


£ 


00575' 

sst — -- 

» 



in which n is the valency. 

Now consider the E.M.F. of a reversible cell, such as a 
Daniell. Here we have four contacts. The metal/metal 
Snd liquid/liquid contacts only give rise to small E M.F.s 
which may in the first instance be neglected. At each of 
the metal/liquid junctions, however, we have metallic ions 
seeking to pass into solution; but this can only take place 
at one plate, deposition l>eing necessary at the other 
Consequently the E.M.F. takes the form 


E-00002l(!log,| -tk*,.?!), 

in which the two component E.M.F.s oppose each other. 
The sign of either term in itself depends, of course, upon 
the solution pressure being greater or less than the 
osmotic pressure. In this expression the forces are 
supposed to be in equilibrium. It is the E.M.F. on open 
circuit, in which state the solution pressure diminished by 
the osmotic pressure of the metallic ions is equal to the 
electrostatic attraction of the double layer. But when 
the negative charge on the zinc is removed by closing 
the circuit, this equilibrium ceases. The positive charge 
of the double layer is then no longer bound, and conse¬ 
quently the solution pressure gives rise to more free ions; 
the zinc passes voltaically into solution and a continuous 
current is generated. 

This theory of E.M.F. has been indirectly confirmed in 
many ways. For example, if the valencies n and n' are 
the Same, and if the concentration of the ions is the same 
for both solutions, or p**p\ the formula simplifies to 
0'0002_,_P 
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In sucff a case the E.M.F. depends only upon the solution 
pressures, and, if the salts are assumed to be completely 
ionised, it does not change when the concentration of 
both solutions varies in the same way. That is to sayj 
if the E.M.F. of a Danicll cell is 107 volts for given 
concentrations, it will remain at this value if the con¬ 
centrations of the zinc sulphate and copper sulphate 
solutions are increased or decreased by the same amount! 
This result is easy to understand. An increase, for 
instance, in the concentration diminishes the E.M.F. at 
both plates; but, as these EM.F.s oppose one another, 
the resultant E.M.F. remains constant (assuming equal 
ionisations). This is found to be approximately the case. 


MEASUREMENT OF SINGLE E.M.F.S.—The existence 
of electrolytic solution pressure is purely hypothetical, for 
unfortunately we have no means of directly measuring it, 
or of proving that it does exist. Taking it for granted, 
however, that we liuve a statement of facts in the equation 


E jm 2 Tlog^, 


it should be possible to deduce the value of the solution 
pressure in many eases if we could measure siugle EM.F.a, 
i.e., the E.M.F. due to a metal in contact with a liquid. 

This EM.F. must not be confused with the contact force 
between metals and liquids, which, is a purely electrostatic 
effect and therefore unable to help us here. The determina¬ 
tion of the Peltier effect at such a junction would give a 
measure of the EM.F., but the value of such measurements 
is sometimes disputed. Fortunately, the work of Ostwald, 
IJppmaun, Helmholtz, and others has rendered this 
possible in another way. One method of arriving at the 
required result is by menus of a dropping mercury 
electrode. Suppose we have a mass of mercury which is 
allowed to run into an electrolyte in a fine stream. This 
stream is continuous near the jet, and may therefore be 
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arranged to form a connection between the electrolyte and 
the mercury in the reservoir. As the stream falls it 
breaks inlo globules. Now when such a stream starts, 
<he mercury is positively electrified owing to the low 
value of its solution pressure. But as the flow continues 
the difference in potential diminishes. In the w<trds of 
Helmholtz,* “ . . . . when a quantity of mercury, other¬ 
wise insulated, makes contact with an electrolyte by 
flowing rapidly through an orifice, the mercury and the 
electrolyte cannot be at different potentials. For if the 
potentials were different, e.g., if the mercury were positive, 
each falling drop would present an electrical double layer 
at its surface, thus removing positive electricity from the 
mercury, and would gradually reduce the positive potential 
until it became equal to that of the liquid.” Thus the 
measurement of the single K.M.F. between mercury and 
a solution becomes comparatively easy. Usually the K.M.F. 
between two stationary mercury electrodes in the same 
electrolyte is zero, because the two potential differences 
involved are equal and opposite. lint if one of these 
potential differences is removed by using a dropping mer¬ 
cury electrode, then the K.M.F. between the moving and 
the stationary mercury will be simply that between 
mercury and the solution. 

The mode of action of a dropping mercury electrode 
may be shown by the simple arrangement given in Fig. 3). 
A burette serves as the mercury reservoir, and is supported 
about a centimetre above the surface of dilute sulphuric 
acid contained in a beaker, which also holds some mercury. 
Connection is made between the latter and a galvanometer 
G by a wire passing down a piece of glass tubing which 
is attached to the side of the beaker and dips into the 
mercury, thus protecting the wire from the acid. A 
second wire passes from the galvanometer down the bore 
of the burette, making contact with the mercury which it 
• ZtiUckriJl fiir PkytitQliKht Chcmit, VoL I, p. 684,1887. 
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contains. Upon opening the tap, so that the mercury 
flows in a rapid stream, a deflection of the gajvanoruete 
will be observed. 

Another method of measuring single E.M.F.S depend 
upon surface tension. 

A^tlie result of such measurements, it has been foun< 
that the E.M.F. between mercury and mercurous chloridi 
in normal potassium uhloride solution is 056 roll 



FiO. 31.—Dmpptng Mercury Electnxta 


Knowing this, it is a simple matter to deduce other values 
on the assumption that the E.M.F. of a cell is the 
algebraic sum of two such potential differences. For 
example, if both plates tend to send cathions into solution, 
they oppose each other, and we have 
E-Ej-E, 

as the resultant E.M.F. Supposing the E.M.F. of the 
cell, sinc/normal zinc sulphate solution/mercurous (Monde 
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in normal potassium chloride solutioo/mercnij, to be 1*08 
volte, then, ( since ions tend to pass out of solution in the 
■ case of mercury, we have 
' l'08=E 1 +0-56, 

, E 1 = 052, 

and therefore the value of the E.M.F. between zinc and 
uprmal zinc sulphate solution is 0 52 volt. 

It should be noted that this value is larger than that 
resulting from the measurements of the Peltier effect 
by Bouty.• 


CALCULATION OP ELECTROLYTIC SOLUTION PRES¬ 
SURE. —We now have the means of calculating the values 
of the various electrolytic solution pressures. We have 
at a temperature of 15°C. the relation 


v 0-0575, P 

E= — lo g-v 

10g “ P= oS +1< *“*- 


In the case of zinc, n=»2; and if the solution is normal 
zinc sulphate, E=0'52. Also, if we suppose the sulphate 
to be completely ionised, then the osmotic pressure p due 
to a gramme molecule in a litre of solution will be 22-38 
atmospheres. 

Substituting these values, we find P « 2'7 x 10“ 
atmospheres. 

The solution pressures of other metals may be calculated 
in the same way after deducing the values of corresponding 
single E.M.F.S. 

The following examples, mostly due to Neumann, will 
give an idea of the results obtained, which vary somewhat 
according to the data on which they are based:— 

VsgDMhun 115x10“ otmocpherM f Lead l lxlO - ' atrooapheraa 

»ao.. 27 X10“ „ Copper ... 4-8X10-“ , 

Iron. 1-2 XlO* „ } PoUodiam. 1-6X10-“ 

* Itmrmi itPk jrnfw, lot 8eri«t, Vol 8, p. 829,1879 ; end Vol 9, 
p. S06,188a 
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These figures will at once strike the reader m somewhat 
strange, meet oi.tbem bring enormously large o| extremely 
small. It must, however, be remembered that such figures 
really only represent the striving of the molecules to padl 
into the ionic state, and the pressures here given are the 
osmotic pressures which it is necessary that the metaUio 
ions already in solution should exert in order that ng 
ionisation, and consequently no electrification, should take 
place. It should also be home in mind that no such 
pressure has been directly or indirectly observed. All we 
can say is that if electrolytic solution pressure exists, and 
if it acts in the way here described, then the magnitude of 
the pressure must be of the order given above. 

From our preliminary discussion of solution pressure, it 
will lie inferred that those metals with the high pressures 
are negatively electrified, and those with low pressures are 
positive to solutions of their salts. Between these two 
extremes metals may be found which are not eloctrified 
at all if the concentration of the solution is suitable 

Having found the values of solution pressures, we are 
now in a position to calculate the E.M.F. of any reversible 
cell. But such calculations can in no way confirm the 
values we have already found for the solution pressures, 
because the latter are based upon the experimental 
determination of such E.M.F.s. It is simply a case of 
reasoning round in a circle, and therefore such calcula¬ 
tions become of no further interest. 

EFFECT OF VAETESO THE NEGATIVE IOH.—It will 
be noticed that the formula arrived at for the value of a 
single E.M.F. is quite independent of the negative ion: it 
only depends upon the osmotic ■ pressure of those positive 
ions which are of the same metal as that which ia 
immersed in the solution, and upon the electrolytic 
solution pressure of the metaL Thus we should expect 
the E.M.F. of zinc in zinc sulphate solution to he the 
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same as that of ziuc in zinc chloride, provided the degree 
of ionisation is the same in both cases. This deduction has 
been verified by Neumann, who carried out measurements 
upon a large number of salts. Unfortunately these were 
mostly salts of organic acids, which are well known to 
produce no effect upon the E.M.F. Very decided changes, 
however, are often observed in passing from one halogen 
salt to another, and this fact led Bancroft* to the conclu¬ 
sion that, although a single E.M.F. is independent of the 
concentration when ions of the metal are not in solution, 
and also generally independent of the positive ion in such 
a case, yet it depends upon the negative ion and upon the 
solvent. He concluded further that in aqueous solutions the 
E.M.F. is the sum of two terms, one due to the electrode and 
the other to the negative ion. For most metals and most 
electrolytes the term due to the negative ion has the same 
arithmetical value and the same sign ; hut in the case of 
mercury the sign is opposite although the value is the 
same. A. E. Taylorf arrived at the conclusion that a 
single E.M.F. is not a function of the negative ion; he 
looks upon mercury and copper as exceptions, the effect in 
these two cases being probably due to the formation of 
complex salts. 

COMPARISON OF THE HELMHOLTZ AND NERNST 
EQUATIONS.— Difficulties arise in the application of both 
these formulae, although they are perfectly general from 
the theoretical point of view. In the case of the 
Helmholtz equation, it is only necessary to know the heat 
of a certaiu reaction and a temperature coefficient in 
order to arrive at a result. But the determination of the 
former may be difficult, and the actual reaction may be 
uncertain. When, for example, a cell is generating a 
current for some time the E.M.F. falls, apart from any 

* Physical Renew, VoL S, p. 280,1896. 

t Jtwrml of Physical Chemistry, V«l. 1, p. 1,1896. 
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polarisation effects. The reaction may still be the same 
chemically, though wider altered conditions^ mid there¬ 
fore different thermally; or it limy lie somewhat modified] 
chemically, lint these changes are such that we cannfit 
well trace them and determine their thermal equivalents. 

The equation of Nernst, on the other hand, is based on no 
chemical reaction,lmt rather on physical changes. Variation 
of EM.F. with varying concentration is readily followed by 
referring to such an equation, whereas a change in the 
heat of reaction is not easily detected. Nevertheless, 
osmotic pressures limy often he so small as to lie indefinite, 
in which case the Nernst formula gives no precise result 
It may, however, lie said to give a more detailed insight, 
in some respects, into the working of a cell. The Helm¬ 
holtz formula applies to a cell as a whole, for no voltaic 
chemical reaction can take place with a truly tingle contact, 
though we. may perhaps consider each individual reaction 
as representing an E.M.F. 

The preceding remarks will be rendered clearer by the 
consideration of a few examples. Let us first turn to the 
Helmholtz equation, and apply it to the simple cell 
Cu/HjSOj/Zii. The chemical part of the EM.F. is readily 
calculated from the difference of the heats of formation of 
zinc sulphate and sulphuric acid, because zinc sulphate i» 
formed and a corresponding amount of sulphuric acid is 
decomposed. We have, in fact, • 

[Zn, 0 a , SO* Aq] - [Ha, Oj, S0 2 , Aq] = 37,700 calories. 

The thermo-electric term, or temjierature coefficient, must 
be found experimentally. Now, what will be the effect of 
replacing the sulphuric acid by a solution of zinc sulpbatef 
If we suppose the current still to be due to the formatioa 
of zinc sulphate, we have the F..M.F. given by 

[Zn, SOJ —[Zn, SOJ, 

because tbe sulphate is both formed and decomposed 
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But this expression is zero. We may go a step further 
and replacg the zinc sulphate by a solution of potassium 
sulphate. The chemical part of the EM.F. would then, on 
the same supposition, be given by 

[Zn,SOJ—£K 2 , S0 4 ]= —89,800 calories, , 

(from Thomsen's data). 

llius by these changes, supposing such reactions to take 
place, the chemical part of the E.M.F. is first reduced to 
zero and then to a large negative value. Apart from the 
impossibility of the last reaction, which is so highly 
endothermic, it is found experimentally that the E.M.F. 
of the cell Ou/KaSOi/Zn is 1*061 volts, the zinc being 
the electro-positive plate; further, the EM.F. of such 
a cell is practically the same as when the electrolyte 
contains cathions of the positive plate, as in the cell 
Cu/Zn SOj/Zn (Taylor, l.c.). The results also change but 
slightly if other salts are used. We must therefore 
conclude that the assumed reactions in the case of salt 
solutions are incorrect, and that, whatever the reaction 
may lie, it must be of a general nature, not varying with 
the salt employed as the electrolyte. 

Again, the EM.F. is found experimentally to vary with 
the negative plate. For example, the EM.F. of the 
reversible cell Ag/AgNO B /Pb(N0 8 ) a /Pb is 0'982 volt; 
but if any melal between silver and lead in the voltaic 
series is substituted for either of these metals, and the 
corresponding reversible cell is formed, the EM.F. will 
•lie diminished. Thus, if copper is substituted for lead, we 
have the cell Ag/Ag N0 s /0u(N0 8 )j/Cu, and the EM.F. is 
reduced to 0458 volt. How does the Helmholtz law 
account for this change ? Part of it may be due to o 
change in the thermo-electric term, but the greater part 
must, owing to its magnitude, be due to the chemical 
term. As already shown in the case of the Daniell cell, 
.•the latter terra is given by the difference of the heats of 
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formation of the two salts. For these two cells we have 
the chemical E.M.F. given by 

[Pb, (NO,),] - 2[Ag, NO,], 
and [Cu,(NO,),]-2[Ag,NO,] 

respectively. Thus both the metals enter into the calcu¬ 
lation, and the E.M.F. should consequently vary if there 
is a change in either of them, which is found to be 
case. The above expressions may almost bo looked upon as 
denoting a striving of both the plates after the negative ion. 

But when we pass on to the single cell 0u/H a SO 4 /Zn, 
we find that only the positive plate enters into the thermo¬ 
chemical calculations, and the thermo-electric term is the 
only part of the Helmholtz equation which is affected by 
a change in the negative plate. This is unfortunately 
insufficient to account for the observed phenomena. 

Passing again to the cell Cu/K a S0 4 /Zn, let us 
assume that the EM.F. is due to oxidation of the 
zinc by the water. This reaction is independent of any 
particular salt, and therefore a change of the salt would 
not cause any change in the EM.F., which is in accord¬ 
ance with experiment. Now, can the negative plate be 
supposed also to affect the EM.F. ? It certainly may do 
so if we suppose the plate to be to some extent oxidised 
The oxidation will often be only extremely slight, but 
when it is remembered that the currents that can be 
generated by such cells are very minute, it will be 
allowed that the oxidation of the negative plate may be 
sufficient to act as a depolariser under normal conditions. 
We should then have oxidation of the positive and reduc¬ 
tion of the negative; and, if the whole takes place 
voltaically, the chemical part of the EM.F. of such a cell 
as Cu/Zn SOJZn is given by 

[Zn, (OH),]—(Cu, (OH),] 

—[Zn, 0, H,0]—[Cu, 0, H,0] 
*=82,680—37,520 
■» 45,160 calorie* 
mO-96 volt 


ll 
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The observed valne is TOG volts; but, as the calculated 
value docs not include, the thermo-electric term, the agree¬ 
ment may in reality he much closer. This way of regarding 
these cells thus permits the influence of the negative plate 
to appear as demanded by experiment, and in that respect 
is satisfactory, hut further confirmation is necessary'. • 

^ Unfortunately the K.M.F. of a cell which polarises rapidly 
is not easily determined. If the method of measurement 
selected necessitates the generation of current by the cell, 
then polarisation is at once introduced and causes the 
E.M.F. to appear lower than it really is. If, on the other 
hand, the generation of current is avoided by the use of an 
electrometer, we then become uncertain what E.M.F. we 
are really measuring: dissolved gases, for example, may 
exert a considerable influence, although not really the 
cause of the E.M.F. we desire to measure. It is, therefore, 
not a simple matter to decide these and many other 
theoretical points by an appeal to experiment. 

Let us now look at the same cells in the light of the 
Nernst theory. In all cases we have to do with the 
electrolytic solution pressure of both the plates, and there¬ 
fore a change in either plate must cause an alteration in file 
E.M.F. In a reversible cell, such as Cu/fJuSOJZiiSOj/Zn, 
everything is quite definite. We have the solution pressures 
of copper and of zinc opposed by the osmotic partial 
pressures of the copper and zinc ions in the electrolytes, 
as required by the formula 


E= 


0-0002 T 



neglecting any disturbance due to the junction of the two 
solutions. 

But when a metal is placed in a solution containing 
no ions of that metal, the solution pressure is opposed 
by no osmotic pressure, and the single E.M.F. should 
be infinite in value. This is not, however, the ease 
and therefore it may be concluded that a certain number 
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of ions always pass into solution, but we cannot say off¬ 
hand whut the number should be, and consequently the 
E.M.F. of such a cell as Cu/ZnS0 4 /Zn appears to bOj 
rather indefinite. In this case there is no definite osmotic 
pressure of the copper ions, though the zinc ions exert a 
prc&ure which can be determined by suitable measure¬ 
ments as already explained. The same difficulty would l)jj 
expected in the cell Cu/K 3 S0 4 /Zii. The latter may, how¬ 
ever, be considered from the following point of view, ns 
suggested by Bancroft.* 

We have seen that the E.M.F. of a reversible cell is 
independent of the concentration, provided the ionisation 
is always complete. Now, instead of diluting the salts 
in the cell Cu/CuS0 4 /ZnS0 4 /Zn with water, let us use 
K 2 .S0 4 for this purpose. According to the theory, the 
effect on the copper and zinc ions will 1«? precisely the 
same, and we shall eventually obtain the cell <Ju/KjS0 4 /Zn, 
which thus appears as a limiting case of the reversible 
cell Cu/CuS0 4 /ZnS0 4 /Zn, an 1 should therefore have the 
same E.M.F. This view is to some extent supported by 
experiment. 

In the above discussion it is assumed that no E.M.F. 
exists at the junctions of the solutions. As will Ikj seen 
in the next chapter this assumption cannot always be 
made, but the E.M.F. is generally small. 

A further difficulty arises when the solution pressure 
of a metal is very small, as for example in the case of 
copper and mercury. According to the hypothesis of 
Nernst, when mercury comes into contact with a solution 
of ouo of its salts, mercury ions are precipitated upon it, 
and it thus becomes positively electrified. This lias been 
confirmed experimentally by W. l’almaer.f But if such 
a solution as potassium sulphate is used in place of a salt 

* Pkytical Review, VoL 3, p. 250, 1836. 

t Zeiuohri/t fSLr PhytikaUtehe Chemie, VoL 28. pp. 257-279, 1899, »ad 
ZtxUchrifl f&r Elektrochemie, VoL 7 ; pp. 287*889, 1900. 
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of mercury, no mercury ions are initially present, and 
therefore n<j such precipitation can take place. Never¬ 
theless the mercury is found by experiment to be still 
positively electrified. This is generally explained by 
saying that, as soon,as the solution touches the inercuij, a 
little of it passes into solution, most probably as hydroxide, 
fljjd the ions are then reprecipitated if their osmotic pressure 
is greater than the solution pressure of the metal. The 
amount of oxide necessary to effect the electrification 
would lie very minute, but the explanation does not 
appear altogether satisfactory. 

It has always been considered that the amount of metal 
which is dissolved in giving rise to an E.M.F. is too small 
to be determined by chemical means. Recently, however 
R. A. Lehfeldt* lias shown that, in the case of zinc at least, 
the amount dissolved would be some centigrammes per 
square centimetre immersed. This point has been dealt 
with further in a later publication.^ 

THE ELECTRON THEORY.—Since the beginning of 
the present century great progress has been made in the 
Electron Theory of electricity, a theory which is intimately 
bound up with the name of Sir J. J. Thomson. According 
to this theory, the movement of electricity depends upon 
small corpuscles, far smaller than atoms, each associated 
with a definite negative charge. These may be looked upon 
virtually as atoms of electricity, and are termed electrons. 
There are both positive and negative electrons, but it ib the 
negative electron which appears to be most readily affected; 
in fact, our acquaintance with the positive electron is com¬ 
paratively small. It is assumed that the normal unelec¬ 
trified atom has, associated with it, an equal number of 
positive and negative electrons. If such an atom parts 

* Paper read before the lsflt Aecoc., 1899. Phil if tip, Vol. 48, pp. 
490-433, 180ft. 

f m Ml; Vol 1. pp. 977-403, 1901. 
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with & negative electron the atom become* positively 
electrified owing to the resulting excess of positi ve^electricity; 
on the other hand, if it reoeives a negative electron, there 
results an excess of negative electricity, and Ihe atom then 
becomes negatively electrified. 

Tire electron theory does not add materially to our know¬ 
ledge of primary cells, but it gives us a simple way of looking 
at some of the phenomena. For example, when a piece of 
line is placed in contact with a piece of copper, negative 
electrons pass from the zinc to the copper, and so the copper 
becomes negative to the zinc. Thus contact force arises. 
This process continues until the P.D., tending to reverse 
this process, reaches a sufficiently high value to stop it. 
The potential varies with the metals that are taken, because 
some metals part with their electrons more easily than 
others. 

In metallic conduction the electrons are looked upon a* 
moving from atom to atom. Here, however, the theory 
presents difficulties. Kamerlingh Onnes has shown that 
at the temperature of liquid helium (i.e., nearly at absolute 
zero) the specific resistance of some metals is less than 
one hundred thousand millionth part of that at 0°C. Sir 
J. J. Thomson * has pointed out that such a phenomenon 
cannot be satisfactorily explained by an abnormal increase 
in the number of electrons or by variation in their mean 
free path, and that consequently the electron theory 
becomes untenable. He suggests an explanation on the 
theory that the atoms of some substances contain elec¬ 
trical doublets, or pairs of equal and opposite electrical 
chargee at a small distance apart, and that the effect of an 
applied E.M.F. is to form polarised chains of atoms, after 
the manner of Grotthus. Thus we may also explain the 
recently-discovered fact that a metal conductor cannot 
carry more than a certain limiting current—its saturation 


• Procttdingt, Phycical Society of London, Vol. XXVII., p. 827. 
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current, where Ohm’s law fails. This stage is reached when 
learly all the atoms are orientated. 

Passing from contact force and metallic conduction we 
»me to the cell itself. Here we have an electrolyte in 
addition to the medals. In a solution where the molecules 
are not ionised each molecule is neutral, because the number 
^f positive and negative electrons arc equivalent. But 
when a molecule is ionised, the ions separate, the positive 
ion losing one or more negative electrons (depending on its 
valency) to the negative ion. Electrolytic solution pressure 
may be regarded as the tendency of a metal to send ions 
into solution and at the same time to give up negative 
electrons. Thus, when zinc is immersed in a solution of one 
of its salts, zinc ions tend to pass into solution, but in doing 
so the atoms must give up some negative electrons. They 
cannot give these up to the zinc ions already in solution 
because they would then become neutral—that is, they 
would become zinc molecules and would Ire deposited. 
Thus the electrons are left behind in the metal and the zinc 
becomes negatively electrified. 

Taking copper as the other plate, the positive ions here 
tend to deposit, and in doing so they must extract negative 
electrons from the copper to render themselves neutral. 
Consequently the copper becomes positively charged. The 
metal that loses electrons most easilv becomes charged 
positively. 
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NON-CHEMICAL CELLS AND THERMOPILES. 

Concentration Celia, p. IIP.—K M K due to contact of Electrolytes, 
p. 120.—Liquid Celia, p. 122, — JlecqucrtTs O’H, p. 123,—Thermo- 
Couples, p. 124. “-Thermo-Electric Power, p. 126.—Practical Diffi¬ 
culties in Thermopiles, p. 128.—(JOlcher's Thermopile, p. 129. 

CONCENTRATION CELLS.—Suppose that, in tt single 
cell, we have both plates of the same metal, ami both 
standing in a solution of the salt of that metal, hut the 
solution about one plate more concentrated than about the 
other. Such a cell, known as a concentration cell, bus an 
E.M.F. and will product! a current; hut this E.M.F. cannot 
he due to chemical action, liecause the passage of a current 
necessarily causes a definite amount of the positive plate 
to be dissolved and an equal weight of the same metal 
from the same salt to he deposited. The chemical actions 
are therefore equal and opposite, except for such a small 
difference as may lie due to the difference in concentration, 
and therefore they cancel. Consequently the cell is not a 
truly voltaic one, and the E.M.F. must be due to energy 
other than chemical. 

The application of the Nernst theory to this case affords 
an explanation. Let P be the electrolytic solution pres¬ 
sure of the metal, and p, p\ the osmotic partial pressures 
of the metal ions in the dilute and concentrated solutions 
respectively. The single E.M.F. due to the metal and 
dilute solution is, of course, greater than that due to the 
other plate in the concentrated solution, and therefore the 
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former must be regarded as electro-positive, the current in 
the cell flowing from the dilute to the concentrated 
solution. 'Consequently, neglecting any E.M.F. at the 
junction of the solutions, the E.M.F. of the cell is given by 


E= 


0 - 0002 , 


T1 ^o- 



00002 , 


Tlo gl / 


From this it is seen that the E.M.F. is due simply to the 
difference in concentration. At a temperature of 15°C. 

, T , 0 0575. p’ 

we have E=-log.2- ■ 

n jj 

/ N ITS 

Thus in the cell, silver j silver nitrate solution ^ silver 

nitrate solution/silver, the E.M.F. is given by 


E= 


0-0575. 100 

-r-H'io 


= 0'0575 volt, 


if we assume the ionisation to be complete in both 
solutions. 


E.M.F. DOE TO CONTACT OF BLEOTROLYTE3. -We 

have so far neglected any E.M.F. at the contact of solu¬ 
tions, without however proving that we have any right to 
do so. Suppose we have a dilute solution and a concen¬ 
trated one of the same salt in contact with each other, the 
ions being monovalent In general, the velocities of the 
two ions will not be the same. Let u be that of the 
cathion and v that of the anion. When a sufficient number 
of coulombs (viz., 96,500) passes to decompose one gramme 

molecule of the electrolyte, then and —represent 

the proportions of this quantity carried by the cathionsand 
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anions respectively. If the current in the cell flows from 

the dilute to the concentrated solution, gramme 

atoms of the cathion move with the current foi ever/ 
gramme molecule of the electrolyte decomposed, and pass 
from the dilute to the concentrated solution. At the 

same time —— gramme atoms of the anion are transferred# 
i t+v a 

in the opposite direction, as indicated in Fig. 31. Let p,p', 
be the osmotic partial pressures of the ions in the dilute 
and concentrated solutions respectively. These pressures 
are, of course, the same for those anions and cathions 


DK-UTI | CONCENTRATED 



OSMOTIC PARTIAL •' OSMOTIC PARTIAL 
PRESSURE p j PRE88URE p' \ 

Fia. 3L 


which are associated together in either solution. It 

V 

therefore follows that the —— gramme atoms of the anion 

u+v 

pass from a pressure p' to the lower pressure p, whereas 

the - U — gramme atoms of the cathion move from the 
u+v ° 

pressure p to the higher pressure p'. Consequently, as we 
saw on page 102, the anions are capable of doing work 
to the extent of „ ,, 

— RT log—. 
u + v p 


On the other hand, work must be done upon the cathions 
to the extent of . 

— RTlog£. 
u+v 6 p 


The energy that is available for doing external work to the 
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difference of these two expressions, and the E.M.F. is there¬ 
fore given l^y the equation 

90,500 E=-“-ET log 
u+v p 

or E±0-0002 — T log,/-. 

u + v p 

^rom this it is seen that the E.M.F. is zero under two 
conditions:—(1) If the osmotic partial pressure, or the 
concentration of the ions, is the same in both solutions; 
(2) if the migration velocities of the two ions are equal. 
The value of E is negative when u>v, indicating that the 
current under those conditions flows within the cell from 
the concentrated to the dilute solution. If the ions have 
different valencies, «, n' (« being that of the eathion) the 
formula becomes 


E = 0-0002 


v u 

n' iiq,, rf 
1 l«gi«h 


V + I! 


For the case of different electrolytes in contact the 
expression is .still more complicated. 


Cells of this kind, in which the E.M.F. is clue to the 
contact of two electrolytes, are generally termed Liquid 
Cells, although it would seem more reasonable to include 
them in the class of Concentration Cells. 

We are now in a position to give a complete expression 
for the E.M.F. of a concentration cell, such as that 
described at the loginning of this chapter. The E.M.F. 
must be the algebraic sum of the EM.I'.s at the plates and 
at the electrolytic junction, and is therefore given by the 
equation 


0-0002 j i 


n 

0-0002 2v 


, p, v — u, 
l 0 K,n-+-log,, 

ol V «+» 


0 
P S 


volts, 


V 


«V, Tk % 


volts. 


This formula assumes the ionisation in the solutions to be 
complete. If this is not complete, hut has a value t 
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(which is consequently less than unity), the equation 
for E becomes 


E-M002 2f« T m,/' volts. 
n u + v ' ]i 

Nefust has vci ilied the truth of this formula. For example, 

,/N 

‘/ 10 


the cell, silver silver nitrate solution j-^ R >l v iS 


nitrate solution/silver, the values of the quantities in- 

j/ 

volved are /i = 1, u = 52, t>=f>8, j' = 0'0.'!5, =10. 

Thus at 18°C. 

E = 0 0002 x 2 x 0 9.15 x s x 201. 


= 0'0574 volt. 

The observed value was 0 055 volt. 


BEOQUEEEL’8 CELL.—The. only liquid cell of interest is 
that known as Becqucrel's cell. This consists of an acid 

Porout 

Pt Partition Pi 

H \ H ; OH 1 OH 
i r ——I 

, Cl Clj_K J K 


Fio. 32.—Uenctioiu in Becquwel’* Cell. 

and an alkali, for example, hydrochloric acid and caustic 
potash solution, separated by a porous pot, a sheet of 
platinum dipping into each solution. Of course, where 
the acid and alkali meet in the porous division they 
interact, according to the equation 

HC1+KOH=KC1+H a O. 

But such a reaction is not capable of giving electrical 
energy. As indicated in Fig. 32, there is no separation of 
ions in the sense required by voltaic action or electrolysis. 
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Nevertheless this cell has a considerable' EM.F., about 
07 volt, although it is only capable of generating a Bihall 
current. tThe origin of the E.M.F. has sometimes been 
supposed to be thermo-electric, the source of heat being 
due to the neutralisation of the acid by the alkali at the 
electrolytic junction. The E.M.F. is, however, too'large 
to be bo explained. 

1 Referring to our discussion of liquid cells, it is seen that 
at least part of the E M F. in BeequcreTs cell is due to the 
unequal migr.it ion velocities of the ions. Iiut this will 
only account for part of the E.M.F. The remainder is 
proltably due to the presence of atmospheric oxygen upon 
the platinum plates. 

Berthelot* states, on experimental evidence, that the 
E.M.F. is equal to the sum of the E.M.F.s due to the 
junctions of the salt with the acid and base respectively. 
In other words, he considers the cell indicated in Fig. 32 
to have a layer of KOI between the HC1 and the KOH. 

In the cells which we have just considered, the E.M.F. 
is not due to chemical action, Chemical changes do, of 
course, take place on account of electrolysis, but these 
must be looked upon as the effect, not as the cause. 
When chemical action is absent, the corresponding term 
of the Helmholtz equation vanishes, and it then reduees 
dEi 

to E=T^j, ; or the E.M.F. is wholly due to Peltier effects, 
•\nd is proportional to the absolute temperature. 

THEE MO-COUPLES.—In accordance with the observa¬ 
tions of Volta, no current flows In a closed metallic circuit 
of which all parts are at the same temperature. There is a 
contact EM.F. at each junction, but these E.M.F.S are in 
equilibrium. Suppose we have two metals, say copper 
and iron. The EM.F. Cu/Fe is equal and opposite to the 

* Ontfki Rtniut, VoL CXXXVL, 1903; Sana AbMracU, Vol VII A. 
No, 
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RM.I? Fe/Cu at the same temperature, and no current is 
produced. But if one of these junctions is heated, the 
equilibrium is disturbed, and there is a resulftmt EM.F, 
This E.M.F., in some cases, increases continuously as tlje 
difference in temperature of the two junctions is increased; 
but generally the EM.F. is observed to rise to a maximum 
as the temperature is increased, after which it diminishes 
as the temperature is still further increased, finally lieconf* 
ing zero, and then changing its sign. This phenomenon is 
known as inversion. After the temperature of inversion 
has been reached, the EM.F. increases continuously, no 
higher or second temperature of inversion being as a rule 
reached. Representing the E.M.E by the ordinates of 



Fio. 33.—Curves of Thermo-Electric E.M.F. 


a curve, and temperature-differences by absciss® (the 
temperature of the cold junction being maintained 
constant), this curve is found to be an hyperbola, or 
approximately a parabola having the maximum ordinate 
as axis. Such a curve is shown in Fig. 33. 

Here the temperature of the cold junction is t r Upon 
heating the other junction, the EM.F. rises gradually 
until it reaches the maximum denoted by AE when the 
hot junction is at a temperature It then falls gradually 
until it becomes zero at a temperature t„ the latter being 
as far removed from t, as t. is removed from f. At a 
higher temperature the EM.F. reverses. The temperature 
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<„ is called the nmtral temperature of the two* metals, 
mid t , the temjiciature of inversion. The curve f'E'f' 
shmvs tlu*rcsnlt ohtained when the cold junction is kept 
(it a higher temperature The neutral temperature 
remains the same, the maximum E.M.F. now being 
reduced to Alt', hut the temperature of inversion is 
changed from /, to t\. The neutral temperature is always 
the mean lietween the temperature of the cold junction 
and that of inversion, and is therefore most easily found 
by observing the latter. 

The thermo-electric properties of metals are most con¬ 
veniently represented by reference to what are termed 
thermo-electric powers. The thermo-electric power of a 
pair of metals is given by the variation of the KM.F. of 
the couple with temperature. It is therefore dEjdt, or 
the tangent of the angle of inclination of the tangent to 
the curve just considered. Thus, at the temperature t" 
the corresponding tangent in Fig. X) is at 1’, and dli/dt is 
given by the value of tan 0, in terms of the scales used for 
the co-ordinates. This value varies with the temperature, 
and therefore thermo-electric power is indefinite unless 
the temperature is stated. At the neutral temperature, 
for example, it becomes zero. 

Thermo-electric powers are found to follow an 
additive law. If (<IE/(f/) A „ indicates the thermo-electric 
power of the two metals, A,]!, then we may write 

(r/K/f/ Obc = (ifEjdt) M — (rfE/d^AB- 

In other words, the thermo-electric power of the couple 
B(J is equal to the difference of the thermo-electric 
powers of U and B with regard to A. It is therefore 
only necessary to determine the thermo-electric power 
of metals with reference to some standard metal in order 
to be able to calculate the thermo-electric power of any 
couple among those metals. Lead is generally taken aa 
the standard metal. 
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The curves showing the variation of thermo-electric 
power with temperature are generally straight lines, 
variously inclined to the axis, ns shown in Fig. 34, in 
which the lines AA and BB may Ik- supposed to represent 
the variation of thermo-electric power; of the metals A 
and *B with temperature. Thus at ty the value for A is 
<,Aj, while for B it is f,B,, so that the thermo-electric^ 
power of the couple AB at t y is A,!!,. At / a it is A 2 B 4 . 
Where the curves cross, the thermo-electric power becomes 
zero at the temperature which is the neutral tempera¬ 
ture ; the point C is called the neutral point. 



Since the E.M.F. for the temperature limits fj. < 2 , is 
given by the integral it follows that the area 

Aj Aj B a Bj represents the E.M.F. of the couple AB when 
the junctions are at the temperatures When the hot 
junction reaches the temperature the K.M.F. is given by 
the area A,CB,. As the temperature of the hot junction 
is still further raised to, say, t a , dEjdt koomes negative, 
and then AgCBg has to be subtracted from A l CB l to 
give the E.M.F., which is therefore diminished. When 
the hot junction reaches the temperature t t , such that 
A 4 CB 4 is equal to A^B,, the resultant area, and 
therefore the E.M.F., is zero, and t i is the temperature 
<d inversion. 
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PRACTICAL DIFFICULTIES IN THERMOPILES. —In 

c the practical application of thermo-couples many difficulties 
( are encountered. The E.M.F. of a single couple is always 
small. For example, that of a bismuth-antimony couple is 
about 0-000117 volt per degree centigrade, that of a copper 
iron couple iB about 0-000016 volt. Consequently a large 
dumber of couples must be connected up in series in order 
to obtain an E.M.F. of any practical value. Thus if 100 
bismuth-antimony couples be in series and the junctions 
be maintained with a temperature-difference of 100°C. 
between them, as indicated in Fig. 35. the E.M.F. is only 
1-17 volts. 


HOT JUNCTIONS 



Fig. 55. 


In the transformation of heat into electrical energy the 
efficiency of a thermo-couple is limited, for the heat which 
is absorbed at the hot junction is not all capable of 
transformation. The restriction mentioned on page 43 
must be applied, and thus the efficiency cannot exceed 


?'i in which T, is the temperature of the hot junction 
on the absolute scale and T, that of the cold junction. 


The question of efficiency in this case, however, is not a 
serious one; but, unfortunately, the practical conditions are 
conflicting and introduce considerable difficulties. For 
example, an electrical generator should have as low an 
internal resistance as possible; in other words, the metals 
ehould.be good electrical conductors. But for the economical 
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maintenance of a high difference of temperature betweer 
the junctions, the conductors should be as far #8 possihlt 
insulators of heat Good conductors of electricity, how 
ever, are found to lie also good conductors of heat, anf 
therefore the one condition can only h» complied with a 
the expense of the other. If the conductors are made o 
small section, or long, so us to allow ready radiation, thei 
the disadvantage of high internal resistance is als< 
introduced. 

On account of these various difficulties the aetua 
efficiency of a thermopile is low. The all round efficiency 
when it is generating a variable or small current i 
particularly low, because, the heat energy is expended a 
much the same rate whether the pile is on open eircui 
or generating its maximum current. It is in fact equiva 
lent to a galvanic cell having an enormous amount o 
local action. 

It is also found that the deterioration of a thermo 
pile is often comparatively rapid, causing complete break 
down in from three to five years. This is due no douh 
to the continual expansion and contraction, and is appa 
rently less marked if the thermopile is kept continual! 
running. 

OiTLOHE&’S THERMOPILE.— 1 This thermopile, supplie 
in three sizes in England by J. J. Griffin & Sons, is illtu 
trated in Fig. 35 a. It consists of two series of therme 
elements heated by two series of small Bunsen burners. 

The tubes of the latter are seen at A. The heat of eae 
flame is applied in a small hole of which there are tw 
series, B, corresponding to the burners. These holes ar 
fitted with small projecting tubes (not shown in the figure 
which protect the upper parts of the elements 0 from 
unnecessary heating. The elements do not extend below 
the tope of the burners, but are supported on the base by 
sheet metal radiators, D, and are also kept in contact with 

x 2 
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each other by means of screws which bear against the 
i uprights K,,K. Gas and air are supplied at F. 


,The makers give the following particulars:— 


Number of elements . 

25 

... 50 

... 66 

K.M.F.—Volte ... •. . ... 

H 

.. 3 

... ,4 

Current (when the external is equal to the 
internal resistance)—amperes. 

3 

3 

3 

Internal resistance—ohms . 

025 

..0'50 

... 0'65 

Approximate consumption of gas per 
hour—Cubic feet. 

2-6 

.. 4'9 

... 6-4 

Price... 

£6 7s. 6d. 

.. £12 

... £14 



Fig. 35 a.—G ulcher’s Thermopile. 


Notwithstanding the convenience of a thermopile of this 
kind, the high price permits the battery to hold its own 
without difficulty. 

Various types, such as Clammond’s thermopile and 
Cox’s thermopile (which was described in the first edi¬ 
tion of this work), have made their appearance from 
time to time, but have never seoured any marked 
sucoess. 







‘‘ y r i; 


CHAPTER VH 


TESTING CELLS. 

Measurement of E.M.F, p. 131.—Measurement of I’oUmatlon, p. 133.— 
Measurement of Depolarization, p. 134.—Measurement of Interna! 
Resistance, p. 134.—Measurement of Current, p. 138.—Testing 
Butteries of Low Current Capacity, p. 138.—Testing Batteries of 
High Current Capacity, p. 144. Dr)' Cells, p. 147 

Before [Kissing on to a description of the more promi¬ 
nent primary liatteiies now in use, it will be well to 
discuss briefly the various measurements which are made 
in testing a cell, so that the results accompanying the 
descriptions of cells in a later part of this volume may 
be more readily understood. 

There are five chief electrical quantities which require 
to be measured—viz, (1[ E.M.F., (2) Polarisation, (.") 
Depolarisation, (4) Internal resistance, (5) Current. 

1. E.M.F.—It is, of course, imjiortant that a cell should 
have a high E.M.F.. because the higher the E.M.F. the 
fewer the number of cells required to give any desired 
pressure. Moreover, other things being equal, the elec¬ 
trical energy is generated more cheaply. The amount of 
material consumed in a cell depends only upon the quantity 
of electricity generated, and is independent of the E.M.F. 
Consequently, if two cells, both consuming materials of 
the same value, have E.M.F.S of one volt and two volts 
respectively, the latter will generate a watt-hour more 
cheaply than the former—viz., at half the cost Unfor¬ 
tunately, cells seldom have an E.M.F. higher than two 
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volte; frequently it is much lower. The cause of this was 
, referred to on page 52. 

( The E.M.F. of a cell does not generally require to be 
measured to a high degree of accuracy, and therefore the 
simplest and most, usual method of measurement is by 
means of a direct-reading voltmeter whose resistance is 
^iigh compared with that of the celL When such is. the 
case, the potential difference at the terminals of the volt¬ 
meter is practically the same as the E.M.F. of the cell. 
To ensure a true result, the resistance must also be so 
large that the E.M.F. is not appreciably diminished by 
polarisation when the voltmeter is in circuit. 

A convenient form of voltmeter for laboratory measure¬ 
ments consists of a reflecting galvanometer whose deflections 
are proportional to the current—for example, a d’Arsouval 
galvanometer with curved pole pieces. Such an instru¬ 
ment should be permanently fitted up with a large series 
resistance, so that one volt gives a deflection of a con¬ 
venient number of divisions, say 100. The resistance may 
be in the form of a plug resistance box, so that the 
sensibility may be readily altered by changing the plugs. 

The well-known compensation method of Poggendorff is 
an excellent one for measuring an E.M.F. by comparison 
with that of a standard cell; but it is somewhat trouble¬ 
some, and is capable of giving results which are fur more 
accurate than is generally required for this class of work. 
A simpler and less accurate method, but one which is 
1 sufficiently accurate for the purpose, is that which depends 
upon comparison by means of a condenser. For this com¬ 
parison a reflecting galvanometer is required and a con¬ 
denser, of say, one-third of a microfarad capacity and 
barring good insulation The condenser is first charged 
by connecting to the standard cell, and immediately 
discharged through the galvanometer. It is then charged 
by the cell whose E.M.F. is to be determined, and again 
discharged through the galvanometer. In both cases a 



TBSTim CULLS. 


ISS 

deflection of the galvanometer needle is observed which is 
proportional to the charging E.M.F., and thus the two 
E.M.F.S are in the ratio of the two deflections. The 
E.M.F. of the standard cell being known, that of the othgr 
cell is at once deducible. 

2. POLARISATION.—Polarisation is the most serious of 
the electrical defects found in voltaic cells, though thtf 
seriousness of the defect in any given cell depends upon 
the use for which it is intended. Thus, the polarisation in 
a Leclanchd cell is much greater than in a Grove cell; but 
it does not follow that the former is useless: since the 
Leclanchd (of equal si*e) is used on cdrcuita where smaller 
currents are required, the comparatively large amount of 
polarisation is of little importance. In carrying out tests 
it therefore becomes necessary to decide what strength of 
current the cell will, under ordinary circumstances, be 
required to furnish, and then to measure the polarisation 
for that particular current. Since polarisation increases, 
until the rate of depolarisation is equal to that of polari¬ 
sation, it will 1* preferable to maintain this current until 
a somewhat steady state has been reached, or for as long a 
time as it is likely to be required under working con¬ 
ditions. 

A simpler and more definite method is to close the cell 
through a resistance of, say, 5 ohms for one hour, and 
then to observe the E.M.F. In this way cells are readily 
compared, but the currents generated are not, of course, 
the same, the current being greater where the polarisation 
is less; and therefore a cell which polarises but slightly 
is put to a more severe test than one in which that defect 
is moire serious. 

The accurate measurement of polarisation is a matter 
of some difficulty, but approximate results may be obtained 
with ease. The E.M.F. is first of all observed before the 
cell is placed on circuit. The cell is then closed through 
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a resistance which may be adjusted until the desired 
, current is Rowing When this current has been main- 
•. twined as long as desired, the circuit is broken, after which 
the E.M.F. is immediately observed. The difference 
between this E.M,F. and that initially observed gives the 
value of the polarisation under these particular conditions. 
JTlie difficulty encountered is that the E.M.F. often 
recovers from polarisation very rapidly, especially so just 
after opening the circuit. It is for this reason that the 
observation should be made immediately upon breaking 
the circuit. This is most readily effected by using the 
condenser method. 


3. DEPOLARISATION. —In order to observe the recovery 
from polarisation, if is only necessary to take further 
measurements of the polarised E.M.F. which has been 
observed as above. These measurements should be taken 
at short intervals after breaking the circuit. Thu 
observations may then be plotted as a curve upon sectional 
imper, the E.M.F. being represented by ordinates and the 
time from breaking the circuit by abscissie. 


4. INTERNAL RESISTANCE. —It is generally desirable 
that the internal resistance ot a voltaic cell should be low, 
for when that is the case the potential difference on closed 
circuit is more nearly equal to the E.M.F., and more of 
the electrical energy is utilised in the external circuit. 

The value of the internal resistance is obtained by 
observing the value of the potential difference upon 
closing the cell through a known resistance. On page 14 
we saw that the following relation holds good, viz. 


E-V r 
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in which r and E are the internal and external resistances 
respectively, E is the E.M.F. of the cell, and V is the 
potential difference. Consequently, if E, V and R are 
known, then r is deducible. • 

This, however, assumes that E is unchanged by the 
current that is generated. In reality, polarisation is 
certain to set in; and, although the value of r will satisfy, 
the above equation, it will not be the true value of the 
internal resistance, because the E.M.F. will have fallen. 

In order to eliminate polarisation, the circuit should be 
closed only just long enough to obtain an observation. 
Fig. 36 shows a method which may bo used. E is the 
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external resistance through which the cell B is closed 
upon depressing the key k \: this key should make good 
contact, so that It is practically the only resistance in 
circuit. If the key is raised the cell charges the 
condenser C, hut if k 2 is depressed the condenser 
discharges through the galvanometer G. In making a 
test a deflection corresponding to the E.M.F. is first 
observed. The key t s is I hen raised, i, is closed, and k, 
is immediately depressed: a deflection on the galvanometer 
is observed, and is a measure of the potential difference. 

A rough idea of the value of the internal resistance may 
be obtained by connecting up a suitable voltmeter to the 
cell, noting the E.M 1\ and then closing the cell through 
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a, known resistance with the voltmeter still attached. 
The deflection will be seen to fall. As soon as it is 
' observed, the external circuit is broken and the value of 
{he polarised E.M.F. is immediately noted. The difference 
between the two last readings will be approximately equal 
to E —V in the formula. 

Unfortunately, E—V is generally small unless R is 
r small. But if li is made small, the current is large and 
the polarisation is largely increased. This renders the 
difficulties greater. Since the internal resistance is 
directly proportional to E—V, it is readily seen that its 
determination is very liable to be inaccurate unless 
suitable precautions are taken. 

On page 37 a curve was reproduced showing the 
apparent variation of internal resistance with the current 
generated by a cell. In an investigation of that kind it 
is necessary that polarisation should be very thoroughly 
eliminated. Consequently, the various operations in the 
condenser method—viz., closing the circuit, charging the 
condenser, discharging through the galvanometer, and 
finally opening the circuit—should all be accomplished by 
some mechanical device, so that they are repeated at 
regular intervals of time. In this way the disturbing 
influences of absorption by the condenser and of polarisa¬ 
tion may be practically eliminated. 

For this purpose Carhart used a pendulum consisting of 
a narrow frame pivoted at the top and carrying a heavy 
bob at the bottom. The details of the apparatus are best 
described in the observer’s own words.* “ The bob swings 
between two curved rails, concentric with the axis of 
suspension of the pendulum, and each rail supports two 
keys, which can be clamped on it in any desired position- 
A vertical lever on each key holds it closed on the lower 
contact; but when the pendulum sweeps over the rails it 


• Pky$. Rev., VoL II., p. 392, itt94~S. See aluo The Electrician, 
V«l XXXV., M*y 3, i895, p. ia 
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throws*these levers over mid allows the spring keys to 
make contact on the upper point. The contacts are nit 
platinum, and the base and pillars of the keys are hard 
rubber. When care is taken to adjust the contact^ 
properly, and to keep them free from dust, their 
performance is in every way satisfactory’.” 

Fig. 37“shows the connections for the measurements in 
hand. Keys Kj and K 4 are on one rail, while K s and Kg' 
are on the other. When the lever of K l is thrown 
forward, while that of K ( is up, the. battery circuit is 
closed through the resistance of li. When the lever K a is 
thrown over, while that of Kg is up, tiie battery is charging 



the condenser C; but as soon as the lever K s is thrown 
over, the cell is disconnected from the condenser and the 
latter is instantly discharged through the galvanometer G. 
The pendulum swings from left to right on removing a 
detent. If all the levers are up, it closes the battery 
circuit on reaching K,, charges the condenser by throwing 
over lever Kg, discharges it through the galvanometer by 
means of Kg, and finally opens the battery circuit on 
passing K t . The key levers remain forward out of the 
way of the pendulum bar as it swings back to the detent. 
The keys can tie set as close together as desired. The 
length of the pendulum is such that its period is a second. 



138 


PRIMARY BATTERIES. 


Hence the time during which the battery circuit remains 
closed can be calculated. To get the deflection pro¬ 
portional lo the total electromotive force of the cell, the 
levers K, and K, are both left down. The pendulum 
then charges and discharges the condenser, the circuit 
through It remaining open." 

5. CURRENT—It is, of course, often necessary in battery 
tests to measure the current generated, hut the measure¬ 
ment of this quantity does not call for any detailed 
description in this volume. A galvanometer shunted by a 
resistance of known value, as described on a later page, 
will he found convenient for dealing with small currents. 
The larger currents are most suitably measured by some 
reliable form of ammeter, such as the Weston instrument. 
It is often desirable to put the ammeter in circuit only 
when a reading is required ; hut the additional resistance 
inserted in the external circuit by so doing may consider¬ 
ably change the value of the current. This difficulty is 
most readily obviated by having a resistance, equal to 
that of the ammeter, which is cut into the circuit when 
the ammeter is removed and is cut out when a reading is 
inquired, or by using an ammeter with a shunt. 

TESTING CELLS OF LOW CURRENT OAPAOITY.- 

There is a large class of batteries, including Leclanclie 
cells and dry cells, which is intended oidy for the supply 
of small or intermittent currents. They are used chiefly 
on bell and telephone, circuits. Such cells of necessity 
differ considerably from those that are required to furnish 
heavier currents, and they should therefore be tested 
accordingly. In all cases the tests applied should 
depend upon the use for which the batter)' is intended. 

As an example of a cell test, some curves (kindly 
furnished by Messrs. Siemens Bros, and Co.) relating to a 
small Obach dry cell are reproduced in Fig. 38. The cell 
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was closed through a resistance of •*> ohms for one 
hour. It will be noticed that the terminal P.l). fell 
from 1-47 to 1 305 volts during that time, giving rise to 
a corresponding fall in the current generated. The value 
of the internal resistance rose very sjightly, as shown 
by £he next lower curve. The initial value of the 
E.M.F. (judging from the curve of internal resistance) 
was about 150 volts. On bieuking the circuit at, 


fiSinu'ts 

60 50 O 30 20 10 0 



Fro 38 —Test of an Obach Dry (VII, size D (A in. hijzh overall y 2 in. 
(1mm ), closed tbrooch a (resistance of 5 Olmia for One Hour. 


the close of one hour the E.M.F. was 1'35 volts, 
showing that the polarisation amounted to l oti—135, 
or 0‘21 volt. The E.M.F. recovered rapidly from its 
polarised condition, so that it rose to 1'43 volts at 
the end of a second hour, as shown by the recovery 
curve, which must Ire followed in the reverse direc¬ 
tion to the other curves. 

Such a test gives valuable information as to depolarising 
qualities, but not much else. Its use is therefore some- 
wbat limited. What is really required is a comparative 
life test, for the life of such cells is the quantity with 
which we are most concerned. Unfortunately, it is 
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impossible to determine the life of a cell of this kind 
• under ordinary working conditions, because the time 
required would be far too long. Some method must 
therefore be adopted which will be to some extent 
equivalent. Intermittent-current tests, in which the, cell 
is alternately generating current and resting at regular 
•intervals, have been frequently employed. A bell has 
sometimes been used, the circuit being closed at intervals, 
in which case the number of hours the cell is able to ring 
the bell is looked upon as the measure of the life, lint an 
electric bell is by no means a scientific measuring 
instrument. The length of time that a cell will cause 
ringing depends upon the resistance and adjustment of the 
bell. Consequently a bell is only suitable for making 
comparisons when cells can he worked intermittently upon 
the same bell and at the same time, the circuits being so 
arranged that when one cell is working another one is at 
re3t. The reader should refer to Chapter X. in which 
various tests are described in connection with dry cells. 
It should also be noted that different tests do not 
necessarily give the same order of merit for a series of 
cells, for some cells will test better intermittently than 
continuously, and vice versa. It is often doubtful 
whether intermittent-current tests give any more 
information than those in which the current is continuous, 
and the latter have the advantage of greater simplicity and 
of giving a result in a shorter time. In a continuous- 
eurrent test the cell is closed through a constant resistance, 
frequently of 10 ohms, and the time required for the 
current to fall to a certain value—for example, half its 
initial value—is regarded as a measure of the life. There 
is, however, an objection to taking half the initial value, 
because this figure is dependent upon the internal resistance 
as well as upon the E.M.F. Thus, if a cell gives at first a 
current of 140 milliamperes, its life will be finished when 
it falls to 70 milliamperes; but if one of the same oells 
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has a higher internal resistance, so that it gives initially 
only 120 milliamperes, its life will not be considered 
at an end until the current lias fallen to 60 milliamperes. 
Consequently, a defect—viz., high internal resistance—gives* 
the advantage of a lower current limit, $.nd therefore the 
chance of a longer life. A low E.M.F. gives the same 
.apparent advantage. The life is also likely to be longer 
liecause the cell is virtually closed on a higher resistance 
than the cell first mentioned. To overcome this defect to 
some extent, the Author prefers to take as a standard an 
ideal cell having no internal resistance and a definite 
E.M.F. Thus, a Lechatiche cell should have an KM.K. 
of 1-5 volts, and, if the internal resistance is nil, it should 
give 150 milliamperes when closed through 10 ohms. 
Its life will be terminated when the current fulls to 
75 milliamperes, and actual Leclauche cells may lie 
compared hy running them until the current lulls to 
75 milliamperes irrespective of the initial value of the 
cuirent. This method has been employed by the Author in 
the tests described later in tins volume. There still 
remains, however, the difficulty that a high internal resist¬ 
ance gives an advantage, because the cell is virtually on a 
circuit of higher resistance, and will therefore take longer 
to reach the lower current leveL It would probably Ins 
preferable to make the total resistance (i.e., inclusive of the 
internal resistance) equal to 10 ohms, if only the internal 
resistance remained a constant quantity when a current is 
being generated. The adjustment, however, of the external 
resistance to meet the variations of internal resistance 
during a life test would be troublesome. Without 
troubling to make the adjustment, the apparent advantage 
of high internal resistance may be eliminated to some 
extent by taking into consideration the number of ampere 
hours, or watt hours, furnished by the cell during its life. 

At the end of a life test carried out in this manner 
the recovery of the E.M.F. may be observed for say 
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24 hours, after which the internal resistance should be 
measured and its value compared with that found at the 
beginning of the test. It should, however, be remarked 
•that recuperation tests carried out at the end of a life test 
are not of much value for comparative purposes. It is 
preferable to make such tests upon new cells as described 
in connection with Fig. 38. 

In cells of the kind now under consideration, which 
generally include as an electrolyte the aqueous solution of a 
salt, local action is very slight; in fact, it must be so for 
the cell to lw of any value for intermittent work. Although 
it is unnecessary to make any efficiency tests, it is never¬ 
theless well to look out for local action; also for unequal 
corrosion of the zinc, and for the various mechanical defects 
to which this class of cell is liable. 



Fig. 39.—Arrangement of CircuitB for Testing. 

If a number of such cells are to be tested, it will be 
found convenient to have a d’Arsonval galvanometer 
arranged for directly indicating the E.M.F., or P.D., or 
current that a cell is generating. Suitable coils of 
10 ohms each may be made in the form of spirals of 
No. 22 gauge platinoid wire. Each coil is attached to 
insulators and the ends taken to terminals A, B (indicated 
in Fig. 39), which servo tor connecting up the cell E and 
also for putting the ulvanometer in circuit. Connection 
with the galvanometer should be made by moans of brass 
plugs which fit in'" sockets in the terminals. Mercury 
cups may be emp . ■ for this purpose, but they are in 

many ways objec; e. 
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The galvanometer may be calibrated by meant of a 
potentiometer and a standard cell, the series resistance 
being adjusted so that 1 volt gives a deflection of, say, 
300 or 201) scale divisions. So long as the deflectionsi 
follow a straight line law, they are then leadily expressed 
in volts, the instrument being practically direct reading. 

. If the resistance is disconnected from B or C the galvano¬ 
meter reading gives the E.M.F. of the cell: as soon as 
the external circuit is closed the reading indicates the 
potential difference. Also, since the external resistance is 
10,ohms, the reading of the potential difference gives the 
current in milliamperes that the cell is generating. 
Sometimes, however, it may be necessary to employ an 
external resistance differing from 10 ohms, in which caso 
the value of the current is not so simply indicated. It 
may then be desirable to introduce a third terminal C, 
and to place a small resistance of known value between 
A and C. The potential difference which will bo set up 
between A and C when a current of 100 milliamperes is 
flowing is then calculated, and the resistance in aeries with 
the galvanometer is adjusted so that this potential 
difference will give a deflection of 100 or 200 division*. 
When the galvanometer is connected to A and O it thus 
becomes a direct-reading ammeter, indicating milliamperes. 
In using a galvanometer shunted by a resistance in this 
way as an ammeter, it is, of course,, necessary to remember 
that the resistance of the galvanometer circuit should be 

\'v" a ' i.t .« • . t ..a. '«• ' ttum ,_i*_ 




wise the introduction of the galvanometer will cause a fall 
in the potential difference between A and 0, and the 
deflection will indicate a smaller current than is actually 
flowing, ... 

Fig, 40 shows part of a group of ten such circuits, which 
the Author has found very convenient in testing baftteries 
of the Ledanebd type. The {dug connections and 
ammeter resistances are fitted in a box, behind vhiob as* 
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seeu the remainder of the external resistances. The plugs 
are shown at I, I, from which flexible cord is connected to 
the galvanometer. 



Flo. SO.—Appontuo for Tooting Colli. 


TBfTDJB CELLS OFHIOH CUEEEKT CAPACITY. - 

The great difference between this class of cell and that 
just considered is that cells of this class, are generally 
intended to give a certain current continuously, and in 
teeting any oell it is well to bear in mind what 



TESTING CELLS . 


145 


current it is designed to generate. The circuits upon 
which batteries are placed are usually of more or less 
constant resistance, and in order that the work shall be 
efficiently performed a battery should be capable of giving 
a practically constant current within certain limits. In 
other words, when a cell is closed through a resistance, 
such as to permit the normal current of the cell to be 
generated, the polarisation must be but slight and the 
internal resistance fairly constant A test should there¬ 
fore be carried out by closing the cell through a suitable 
resistance and taking readings of the current at stated 
intervals. The current may remain reasonably steady for 
a number of hours, but finally it will fall rapidly, and the 
cell is then said to be exhausted. Such a cell may still bo 
capable of generating a smaller current than the normal 
for some time, but for practical purposes its life must be 
considered at an end and the cell useless until ro-eharged. 
The value of the resistance selected for such a test must 
depend, of course, upon the purpose for which the cell is 
intended. 

In carrying out a systematic test, two distinct sources 
of inefficiency must be investigated. Tho first of these is 
local action, the second is internal resistance. Supposing 
zinc to be the positive plate, we know that for every 
ampere hour furnished by a cell 1*21330 grammes of zinc 
should be dissolved The amount dissolved is really 
always greater than this—sometimes very much greater- 
on account of local action. It is therefore generally 
necessary to take the weight of the plates'of a cell before 
and after a life test, in order to see to what extent the loss 
of weight is greater than that required by the number of 
ampere hours furnished by the cell during the tost Since 
local action continues whether the cell is generating a 
current or is on open circuit, it follows that an efficiency 
test carried out in this way will give different results 
according to the conditions of the test. The conditions 
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Bhould therefore be, as far as possible, similar to those 
under which the cell would be used in practice. For 
example, if in practice the cell would be left on open 
'circuit with the plates standing in the electrolyte during 
considerable intervals, such intervals should be included 
in the efficiency test. 

< Local action is generally objectionable only because it 
shortens the useful life of a cell and thus causes inconve¬ 
nience. In the case of primary batteries the question of 
cost is usually of less importance than that of convenience, 
such batteries being used for the supply of energy on a very 
small scale. If, however, primary batteries are ever used 
for power purposes, the question of local action will be an 
important one, as being one of the factors which directly 
affect the cost per unit. 



Hour* in Circuit. 

Fro. 41.—Tmt of Edison-Lalaode Battery, four oells in series. 


Witn regard to the second cause of inefficiency, it neec 
scarcely be remarked that the internal resistance shoulc 
be as low as possible. For a given cell the inefficiency 
increases with the current, and therefore some value 0 
the current must be selected as normal Apart frou 
inefficiency, internal resistance is objectionable because i 
limits the potential difference available at the terminals o 
a cell 

The curves in Fig, 41 are a good example of the result 
obtained iu testing this class of cell. The test was carriei 
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out by A. E. Kennelly upon four Edison-Lalande cells 
coupled in series. It will be noticed that the current is 
remarkably steady, keeping between 25 and 30 amperes 
for about 95 hours. The fall in E.M.F. is only ve# 
slight, and is in a measure compensated by the fall in 
internal resistance. The efficiency, as regards internal 
resistance, is seen to increase considerably at the beginning* 
of the test and to diminish somewhat at the end. This is 
shown by the curve for C ! K, which is the amount of 
electrical energy expended at any time in the external 
circuit. A corresponding curve is given for the energy 
dissipated in the internal circuit, which energy cannot, of 
course, be utilised. 

It is always well to include a curve showing the watts 
in the external circuit The current flowing may be large, 
but its practical utility will be small unless the watts in 
the external circuit form a large proportion of the whole. 
In other words, it should be possible to obtain a large 
current without making the external resistance unduly 
small, compared with the internal resistance. The external 
watts are, of course, proportional to the P.D., and the 
internal (or wasted) watts are proportional to the E.M.F. 
minus the P.D. 

DEY CELLS.— Special considerations enter into the 
testing of dry cells, and therefore,this part of the subject 
will be considered in detail in Chapter X. 




CHAPTER VIII. 


ONE-FLUID CELLS. 

Classification of Cells, p. 149.-Since Cell, p. 149 ,-Velvo Carbon Cell 
p. 150.—Bichromate Cell, p. 152.—Comparison of Depolarisers in 
Bichromate Cells, p. 157.—Chromic Aoid, p. 157 -Potassium l'er 
manganate, p. 158.—Advantage of Porous Pot, p. 159.—Two-fluid 
■ Bichromate Cells, p. 161.—Defects in Bichromate Cells, p. 101 
Parts Aoid Gravity Cell, p. 163,-Benkb Cell, p. 164.-8peeial Elec 
trolvtes for Bichromate Celle, p. 172.—Lalnnde Cell. p. 173.- Edison. 
Ulande Cell, p. 170 .-Walker-Wilkins Ceil, p. 182.—Harrison Cell, 
p. 184.—Bellini's Cell, p. 190 —Silver Chloride Cell, p. 192.-.Sul¬ 
phate of Mercury Cell, p. 193.—UelanctnS Cells, p. 193.- Porous 1 lit 
form of Ceil, p. 195 .—Agglomerate Block Cell, p. 200.— Central Zino 
Cells, p. 207.—Sack Cells, p. 210.—Comparison of various types, 
p 210.— Effect of Physical Quality of the Manganese lYroxide, p. 
217— Cells for Postal Work, p. 224.—Post Office Specifications, 
p 225.—Details of Lcclanchi! Oils, p. 231.—Special Exciting Salts, 
p. 232.—Amalgamated Aluminium, p. 234. 

CLASSIFICATION OF CELLS. —In giving a description 
of primary batteries they will be divided into two classes, 
viz., (1) one-liuid and (2) two-fluid batteries. Of the former 
dry batteries form such an important section that they 
will be considered separately ; and for a similar reason 
standard cells will be classed by themselves. 

Batteries are sometimes classified according to the work 
for which they are intended ; hut such a classification is 
not very satisfactory, because the work which a cell is 
capable of doing depends not only upon its construction 
but also upon its size. 

Simple Cells. 

THE BMTtM CELL. —This cell is practically a “simple 
element,” in which the difficulty of polarisation is more or 
less eliminated by employing the principle of “physical 
depolarisation,” described in Chapter III. The cell consists 
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of a zinc positive, dilute sulphuric acid, and a negative 
of platinum or other suitable metal, so roughened that 
the deposited hydrogen does not adhere to it. This 
.roughened surface is produced by means of platinising, 
i.e., by electrolytically depositing a slight coating of 
platinum in a very finely divided state Instead of a 
r platinum plate, one of platinised silver or copper may he. 
used, but if the latter is employed it should be varnished 
at the edges* The platinising may be effected either by 
the application of an external E.M.F., or by making the 
plate to be platinised the negative in a voltaic cell, oppos¬ 
ing it to a zinc rod in dilute sulphuric acid containing 
some platinic chloride, and short-circuiting the cell so 
formed. 

The Smee cell is convenient on account of its simplicity, 
but it does not appear to have come into extended use, 
except perhaps by electro-chemists. This may be due to 
the low value of the E.M.F. which is stated to be 0'47 
volt. 

THE VELVO CARBON CELL.— The principle of Smee has 
been revived in recent years in the Velvo Carbon cell, in 
which the essential feature is the carbon negative. The 
surface of carbon in its usual state is unsuitable for rapidly 
disengaging the voltaically deposited hydrogen. This 
difficulty is overcome in the Velvo Carbon cell by a new 
process of manufacture. The carbons are formed from 
Lacombe arc light rods, 9mm. in diameter, with velveteen 
cemented upon them and afterwards carbonised at a high 
temperature.t This gives a very large surface, from which 
the hydrogen is freely disengaged. A number of these 
rods are fixed in a frame, connection being made with a 
common terminal by .means of a silver wire wedged into 
the carbon rods. The use of silver in this way appears to 

* A 8mw, PhO. Map., 3rd Serim., Vol. XVI., p. 315,1640. 

vf Tht StKtricittn, Vol XXXIII. p. 664,1894. 
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give a connection of very low resistance, and one that is 
moreover unaffected by the acid electrolyte. 

In Fig. 42 are shown the plates of a 180 ampere-hour 
Velvo Carbon cell leaning against the glass containing* 
vessel: one of the zinc plates has been •removed so as to 
allow the " palisade ” of carbons to be seen. The size of 
- the zinc plates is 7in. by 9in.; the frame, which carries 13 
carbons and also the two zinc plates, one on each side, is 
7in. by lOJin.; and the glass vessel, which is capable of 
accommodating two " palisades ” if desired, is 8in. by Tin. 
and 11 in. high. 



Fio. 42.—Velvo C*rbon Cell 


The E.M.F., wlien the cell is freshly set np, using 
sulphuric acid of specific gravity 1180, is 1-5 volts, but the 
effective E.M.F. is only about 0 8 volt, which corresponds 
with the thermo-chemical data of the reaction involved. 
The higher valne is probably dne to oxygen occluded in the 
carbon, which rapidly becomes exhausted when the cell is 
called upon to supply a current. If such a cell is short- 
circuited for some hours, the E.M.F, on breaking circuity 
rises rapidly to 0 - 8 volt; after which it recovers very 
slowly. 
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In Fig. 43 is given a discharge-curve obtained by the 
Author upon short-circuiting a Velvo Carbon cell of the 
* size referred to above through a Weston ammeter for eight 
hours. It will be noticed that the current is remarkably 
steady. 

An objection to the cell is that when the plates are taken 
out of the acid to avoid local action on open circuit, 
•crystals of zinc sulphate are liable to form in the porous 
carbon and to cause the velvet covering to flake off. The 
carbons should be kept in water when not in use. Another 
objection, and one which is shared by all “ simple cells,” is 
the evolution of hydrogen. 



Fia. 43.—Discharge of Velvo Carbon Cell on Short Circuit. 

Unfortunately, the Velvo Carbon cell appears to be no 
longer (Nov., 1901) upon the market, notwithstanding its 
very good qualities for a certain class,of work. 

Bichromate, and Chromic Acid Cells. 

THE BICHROMATE CELL.—This cell, which has been 
largely used for laboratory purposes, has plates of zinc 
and carbon, the electrolyte being a solution of sulphuric 
acid and either a bichromate or chromic acid This acid, 
whether free or in the form of a bichromate, plays the 
part of a depolariser, the CrO, being reduced by the 
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polarising hydrogen to the lower oxide 0,0,, causing the 
well known change in colour from orange red to a dark 
blue. The 0,0, does not appear as such, being converted 
into sulphate by the excess of sulphuric acid. The, 
E.M.F. is about 1’9 to 2 volts. 

Thi electrolyte may be made up according to the folio w- 
ing formula, which is given by Ayrton in “ Practical 
‘ Electricity ” (4th edition) 

Potassium bichro¬ 
mate . lib. lib. 2|ozs. | 0'5 kilogramme 

Concentrated sul¬ 
phuric acid ... 21bs. 1 pint 1 kilogramme 

Water. 121bs. i 11 pints • C kilogrammes 

Quantities expressed in pints and in kilogrammes have 
been added to the above, as it is frequently inconvenient 
to measure in lbs. 

It is sometimes stated that the pulverised bichromate 
should first be added to the sulphuric acid, and the water 
then added to the resulting mixture. As good a result, 
however, is obtained if the bichromate is first dissolved in 
the water and the acid added to the resulting solution. 
The latter operation is also simpler, as hot water may be 
used for dissolving the bichromate, and the temperature 
reached on adding the acid to this solution, when cold, is 
not high ; whereas the temperature may rise inconveniently 
if water is added to the concentrated acid. It is for- this 
reason that, in diluting sulphuric acid, the acid should 
always be added to the water, and not the water to the 
acid. 

When a cell charged according to the above formula, 
fails, it is on account of exhaustion of the acid rather 
than of the bichromate. It may therefore he advisable 
to use more acid, say 2J lbs. instead of 2 lbs., as above 
stated. 

In Fig. 44 is shown a bottle form of bichromate cell, 
which is convenient for experimental work where only 
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Jmall cells are required. On account of loeal action, zincs 
, should never be allowed to stand in cells having acid 
electrolytes when not in use. This precaution is par¬ 
ticularly necessary in the case of bichromate cells, because 
the local action not only means waste of zinc, but, also 
reduction of the depolariser by the liberated hydrogen, 

• and thus a rapid deterioration of the cell. In the par- . 
ticular form of cell shown in Fig. 44, provision is made 



Fio. 44.—Bottle Form of Bichromate Celt. 


for raising the zinc out of the electrolyte when the cell is 
not in use. This is effected by attaching the zinc plate, 
which is placed between the two carbon plates, to & 
central rod which can be rawed or lowered and clamped 
in any position. 

For more extensive experimental work it is convenient 
to have a battery of, say, half a dozen cells coupled up in 
series, or with some arrangement for coupling in series or 
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parallefat will. Such a battery, made by Trouvd, ol 
Paris, (and supplied in England by J. J. Griffin and Sons, 
London), is shown in Fig. 45. Each cell contains one zinc 
placed between two carbon plates of the same size, and all 
the plates can be raised or lowered by meaus of a winch 
running along the top. Similar batteries working on more or 
less the same principle are supplied by a number of makers. 



Fro. 45.—TnmTi Bichromate Battery. 


If potassium bichromate is used in open batteries of this 
kind care should be taken not to allow the electrolyte to 
evaporate excessively, as crystals of chrome alum are liable 
to form at the bottom of the jars and are troublesome to 
remove. 

Some discharge curves of bichromate cells are given in 
1% 46. . The cell from which these were obtained had 
two carbon plates, one on each side of the zinc; the width 
of all the plates was 6in. and they were immersed to • 
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Flo. 46.—Disc arge Curves of Bichromate Cells, showing Relative Values of V arious Depolarise re. 



OHF.-Fl XIID CELLS. 


157 
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depth of about 6 jin. The resistance of the external circuit 
was half an ohm. From these curves it is seen that the « 
bichromate cell is capable of giving a heavy current for 
only a short time, after which the current falls off rapidljf 

t * 

COMPARISON OF DEPOT. ARISERS. POTASSIUM AND 
SODIUM BICHROMATES.-The depolariser which is. 
generally used in bichromate cells is potassium bichro¬ 
mate, but iu many respects other substances are. preferable. 
The curves in Fig. 40 are the result of a rough comparison 
of (lepolarisers carried out by the Author. In each ease,' 
except that of potassium permanganate, which does not 
readily dissolve to the required extent, the quantity of 
depolariser in solution was taken so that ttie oxidising 
power was the same. It is seen that the discharge curve 
furnished by potassium bichromate is the shortest, the 
current falling to 0 4 ampere in six hours. A better result 
is obtained with sodium bichromate, the curve of which' 
fell to 0 4 ampere in 7$ hours. It appears, moreover, that 
the sodium salt does not give rise to alum crystals so 
readily as does the potassium salt, and, being deliquescent, 
it is much more easily dissolved. Since sodium bichromate 
crystallises with two molecules of water of crystallisation, 
whereas the potassium bichromate is anhydrous, the equiva¬ 
lent weights of the two salts are practically the same. The 
price is also much the same, and, therefore, the sodium 
salt is to be preferred. 

CHROMIC ACID.—As the oxidising power of a bichro¬ 
mate is due to the chromic acid, the acid itself may be 
used as the depolariser in place of the salt. The curve in 
Fig: 46 relating to the use of the acid is seen, on the 
whole, to be slightly above that of sodium bicromate, the 
current falling to 04 ampere in 8J hours. The lower part 
of the curve is superior to that of either of the bichromate 
salts, eg.. it took over 12 hours (or this particular cell to 
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fall below 03 ampere. (This point is not included in the 
diagram.) Chromic acid not only has the advantage of 
being as good a depolariser as sodium bichromate, or even 
better, but it has the further advantage that it dissolves 
almost instantly,giving a solution with a minimum of trouble 
and does not give rise to troublesome crystals on evaporation.. 
Since the quantity of chromic acid required is only slightly 
above two-thirds that of potassium or sodium bichromate, 
in order to obtain a solution which is ready for immediate 
use it is only necessary to weigh out, Ray, 12 ozs. of chromic 
acid, pour 11 pints of water upon it, and then add one pint 
of concentrated sulphuric acid to the solution with constant 
stirring (sec formula;, p. 153). In small quantities, the price 
of chromic acid at present (1914) is !)}d. per lb. ; potassium 
bichromate is (id. The latter is, therefore, about one-third 
cheaper, but as one-third less of chromic acid is required 
than of potassium bichromate, it follows that the cost is 
much the same for either depolariser. Since a reduction 
of 20 per cent, in the amount of chromic acid used does not 
appear to change the form of the discharge curve to any 
great extent, we may conclude that chromic acid is pre¬ 
ferable to either of the bichromates. 

POTASSIUM PERMANGANATE.— The fourth curve in 
Fig. 46 refers to potassium permanganate, of which only 
about 70 per cent, of the equivalent quantity was used on 
account of the difficulty experienced in making a more 
concentrated solution. It is noticeable that the EM.F. is 
higher than with other depolarises (it was found to be 2T 
volts), hut the current falls rapidly at first, rendering this 
depolariser unsuitable for heavy currents. Nevertheless, 
complete exhaustion takes place more slowly than with the 
other depolarisers; the 0'4 ampere limit was reached only 
after 13J hours with this particular cell, and the current 
did not flail below 0’3 ampere for 226 hours. The latter 
pan of the discharge is. however, relatively unimportant 



ONE-FLUID CELLS. 


359 


It therefore appears that potassium permanganate is not f 
very satisfactory depolariser. Apart from the unsuitable 
form of the discharge-curve there is the further objection 
that the permang mate is troublesome to dissolve, and a 
heavy muddy deposit is formed on discharge. 

We may therefore conclude that of the four depolarisers 
here discussed, chromic acid is the best for all practical 
purposes. 

ADVANTAGE OF POROUS POT.— One of the advantages 
of the bichromate cell is that it is a one-lluid cell, and 
therefore simple It is, however, sometimes used as a 
two-lluid cell bv placing the zinc in a porous pot. If the 
latter contains some mercury the zme keeps m a 1 h-: ter 
slate of amalgamation than is otherwise possible, and local 
action l- thereby n duced. 

Ill I'm. 17 are reprodueed some curves of discharge 
which the author obtained fiom two-lluid liichromate cells 
The cell used throughout these te.-ts consisted of two 
earl am plates II Ain. wide, immersed to a depth of ojin. 
between which was plated a zinc plate of the same width 
immersed to a depth of tin. The cell contained a total of 
about 11 pints of electrolyte. The external circuit had a 
resistance of 21 ohms. 

The lowest curve in Fig. 47 is the discharge curve of 
the cell containing no porous pot, chromic acid solution 
(as described on p. 158; being the electrolyte. If the zinc 
is surrounded by a porous pot, the clrclruh/te remaining 
precisely the same (viz., chromic acid solution throughout), 
the discharge curve is seen to be very much improved. 
Thus the current falls to 0 0 ampere in 41 hours in the 
first case, but requires 11 bouts to fall to the same value 
in the second case. Consequently, from the purely elec¬ 
trical point of view', a great advantage is gained by the 
introduction of a porous pot, i.e., by keeping the electrolytic 
products at the tw o plates quite separate from each other. 
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TWO-FLUID BICHROMATE CELIA— The remaininj 
curves in Fig. 47 refer to true two-fluid bichromate cells 
It is seen that they are all very similar to the curvt 
obtained above with a porous pot. For example, thal 
obtained by substituting dilute sulplmrie acid (one volume 
of acid to ten of water) for the chromic acid solution ir 
the porous pot, but not around the carbon, is very nearlj 
the same as the curve for chromic acid. From this i( 
appears that the presence of the depolarisin' in the neigh¬ 
bourhood of the zinc has no bad effect. 

The remaining curve refers to the use of common sail 

(3oz. to a pint of water) in the porous pot surrounding the 

zinc. The discharge of another cull was observed in 

which zinc sulphate (Goz. to a pint of water) was used in 

the same wav, lmt this curve has not been introduced intc 
1 . «* 

Fig. 47 because it so nearly coincides with the curve 

which refers to the porous pot containing chromic acid 

that it would only serve to confuse the diagram. The 

results obtained with common salt and zinc sulphate are 

of interest, because they show that the discharge does not 

suffer by the use of a neutral salt, the use of which is 

otherwise beneficial because it diminishes local action. 


DEFECTS IN BICHROMATE 0ELL9.— There are three 
principal defects in the bichromate cell, viz.: (1) Rapid 
fall of current, (2) local action, (3) evaporation and con¬ 
sequent crystallisation. The last defect may be avoided 
by the use of a closed cell, such as the bottle form These, 
however, are only made in small sizes, and it is therefore 
best to render evaporation harmless by avoiding the use of 
potassium bichromate. The first defect is remedied to a 
considerable extent, as lias been shown, by introducing a 


^rous pot, and local action is reduced to a minimum 
in the same way because the porous pot may contain 
sufficient mercury to maintain the zinc in a good state of 


amalgamation. 


This method is adopted in Fuller's cell, 

■ 2 
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the zinc in which is in the form of a lump attached to the 
end of an amalgamated copper rod. The local action 
between the zinc and the amalgamated copper is but 
Slight; and as the mercury has only a short length of zinc 
to creep up, the amalgamation of the latter is well njain- 
tained. This method of mounting the zinc has the further 
advantage that no part of the zinc projects above the 
surface of the electrolyte, where, in general, local action is 
excessive. 

In Fig. 48 is shown a similar kind of cell made by 
Messrs. Siemens. The zinc, however, is longer than that 



Fig. 48.—Bichromate Cell with Porous Pot. 

just referred to. The porous pot should contain an ounce 
of mercury and may be charged with water or very dilute 
sulphuric acid, enough acid diffusing through the porous 
pot from the depolarising solution in the outer jar to 
sufficiently reduce the internal resistance. The Author 
prefers to use zinc sulphate for this purpose. The levels 
of the electrolytes in the two compartments should jjp 
about die same j and the porous pot when not in use 
should preferably be kept in water to prevent crystallisation 
in the pores and consequent disintegration. 
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PARTZ AOID GRAVITY OKU..— This cell, which is 

shown in Fig. +9, is ingeniously designed so that the 
diffusion of the acid depolariser from the carbon to the zinc 
is prevented bv gravity. The carbon, whose effective area ja 
increased by openings as shown, is placed at the bottom of 
the cell. It is connected to the positive terminal by a 
, carbon rod, seen on the right hand side. A porous pot, 
"hit'll is coated with paraffin on the bottom and up th£ 
sales to a height of about two inches, rests upon the carbon 
plate. Tiie object of the paraffin is to piovont diffusion of 



Fio. 49.—Partz Add Gravity Cell. 


the acid solution through the lower part of the porous pot 
which contains the zinc. The latter is suspended from the 
cover, and is long enough to reach to the top of the paraffin 
coating. To charge the cell, both compartments are filled with 
a solution of magnesium sulphate, or common salt. The 
depolariser is in the form of a "sulphochromic salt" in 
which sulphuric acid is united with chromic acid. The 
tula; on the left, which is open at the top and tapers down 
to a small opening at the bottom near the carbon plate, is 
filled with this solid, and then inserted in position. A 
layer of depolarising solution thus forms over the surface 







161 


PRIMARY BATTERIES, 


of the carbon by diffusion, and so remains if the cell *s not 
bandied. This cell gives an EM.F. of T9 to 2 volts, and 
appears to have given satisfaction in America. It is stated 
that the Philadelphia Electrical Bureau used about 125 cells, 
of the Part* type for lour years without a single failure, 
and at the end of that time the original zincs were s'till 
# heiug used and were in good condition. A set of 62 cells 
that gave 124 volts and 2'.'! amperes when first set up gave 
120 volts and 1'5 amperes at the end of the four years.* 

THE BENKO CELL.—One of the chief difficulties in using 
primary cells lor heavy currents is that the depolarization 
is not sufficiently good. Polarisation in itself would not 
he so bad if only it would remain constant, hut it generally 
becomes greater and grea'er as time goes on during dis¬ 
charge. An Hungarian engineer, Stephan Benko, elimi- 
ua‘ed this difficulty by removing the layer of electrolyte 
on the positive plate (electro-negative element) as fast as 
polarisation sets in, so that the IvM.F. remains constant for 
a given current. 

The method adopted by Benko is to use a carbon electrode 
jutfii'iently porous to allow the electrolyte to flow through 
it, thus continually providing a fresh supply to the surface 
that is tending to polarise. This will be understood bv 
referring to the diagram, Fig. 50. Here the carbon is shown 
at C, and tiffs is best described at a flattened cylinder open 
at both ends. The hard surface of this carbon, as received 
from the carbon makers, is removed by scratch-brushing 
so as to leave it easily porous. The carbon Is then provided 
with a lead cap, L,. at the bottom, and a lead ring, L„ at 
the top, thus providing a vessel open only at the top. To 
obtain perfect contact between the carbon and the lead, the 
latter is put on under pressure by the simple expedient of 
holding the carbon in a suitable iron holder and dipping it 
• W’cdcrn Electrician , Vul. XXVI, f. 92, Feb. 10, HOX 
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to a (fepth of 2 metres in a bath of molten lead. A lead 
shell, L,. of sheet lead 1 mm. to 1| mm. in thickness is then 
fitted round the carbon, leaving a small space between the 
carbon and the shell, and is jointed autogenously to the ieqfl 
cap at the bottom and the lead ring 8t the top, so as to form 
a chamber all round the carbon. \Vc thus have two 
chambers, one inside the carbon and one outside. The^ 




Plan 

(Section) 

Fio. 60 — Diagram of Beoko Coll. 


outer chamber is provided with a tube, T,; and a second 
tube. T s , is fitted to the lead base and is carried through to 
the inner chamber. This latter tube is carried up and bent 
over, and there is a small hole, H, at the top of the bend 
Finally a copper plate D corresponding with the lead ring 
is soldered on to the lead, and forms one terminal, A, of the 
cell.* (In later designs this copper plate has been aban- 
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doned, the terminal being jointed direct to the leaA ring.) 
The zinc Z is inserted into the inner chamber, and carries 
the second terminal B. When in action the electrolyte is 
delivered by the lead tube T, into the outer chamber, 
whence it percolates through the carbon to the zinc; it 
then flows off through the lead tube T a , the form of which 
maintains the level constant within the carbon. As there 
iR a hole at 11, siphoning does not occur, though this may be 
made to take place in cells so constructed by closing the hole 
with a finger for a few minutes. This is often convenient 
when it is desired to empty the cell. It will be noticed that 
the current is carried away from the carbon at both top and 
bottom, and owing to this form of construction, and to the 
excellent contact between the carbon and the lead, very 
much heavier currents can be taken than is possible with the 
usual form ot joint. 

A working drawing of an actual cell is reproduced in 
Fig. 51, in which the lettering of Fig. 50 is retained as far as 
possible. It will be noticed that, the space provided 
between the carbon and the lead shell is very small, only 
j mm. The lead, however, gives somewhat under the pres¬ 
sure of the electrolyte, and for that reason it is supported 
by a wood casing (not shown). The zinc plate is carried in 
an ebonite frame, F. The tubes T„ T, are provided with 
unions and rubber washers, W„ W 2 , for coupling to othei 
tubes as may be found necessary. (The tube T, is nor 
shown carried up.) Larger cells are made by fitting two 
or more carbons into one shell. 

In the case of a battery, the electrolyte is contained in a 
lead-lined tank, from which it flows (due to its own head) 
into a common supply pipe, from which each of the cells 
is supplied, the junctions being by eltonite unions and rubber 
waahers, as already described. Similarly, the waste from 
each cell is carried into a comrmn waste pipe from which 
an inverted U pipe is taken to rna ntain the leve in the cells. 
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Although the individual cells are not connected with each 
other metallically, they are connected bv the electrolyte, 
and therefore local currents must flow. These, however, 


do not seem to be serious in a battery giving, say, 10 voltes 
\Nith this arrangement the Author has found that, for a 



PI A* 

Fio. 61.—Single Benkti Cell (Standard Type). * 


given flow of electrolyte, an extremely constant current 
can be maintained up to a certain limit. This limit depends 
largely, of course, upon the composition of the electrolyte. 
Various electrolytes may be used, and in the case of bichro* 
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mate solutions Benko recommends the following formulae, 
the equivalents being given also in English measure: 


Water. 

1 litre. 

35 fluid oz. 


, Sodium bichromate. 

60 grammes. 

2-1 oz. 

r L. solution. 

) 

Sulphuric acid (concentrated), 
Kp.tfr.l-M4 . v . 

120 c.c. 

4-2 fluid oz. 


Water. 

1 litre. 

35 fluid oz. 

\ 

Sodium bichromate. 

100 grammes 

3-5 oz. 

solution. 

Sulphuric acid (concentrated). 
Bp. gr. 1-S4 . 

150 c.c. 

5-25 fluid oz. 


Potassium bichromate should not be used, as it tends to 
deposit double sulphate crystals when decomposed, and 
these block up the pores of the carbon. The E.M.F. with 
these solutions is 2-0 volts, rising sometimes to 2-05 volts. 

The maximum currents obtainable continuously with 
those solutions in terms of the area of the zinc (taking both 
sides into the measurement) may be taken as 6 amperes 
per square decimetre (56 amperes per square foot) for 
solution L and 10 amperes per square decimetre (93 amperes 
per square foot), the rate of flow being high. It is not 
desirable to allow the voltage to fall below I D volts per cell, 
and when the flow is restricted to J litre per cell per hour 
the permissible current falls to a lower value than these 
figures. Local action is less than in the ordinary types 
of acid cell on standing because the amount of electrolyte 
in the cell at any one time is comparatively small. 

In order to show the capabilities of the Benko and 
ordinary bichromate cells (without porous pot), the curves 
in Figs. 5JJ and 53, obtained by the Author,* are given. 
Fig. 52 shows the record taken by a recording ammeter 
of the discharge of a Benko cell along with plotted curves of 
terminal pressure and terminal watts. The weight of the 
eell, including casing, electrolyte and zinc, was about 10 lb., 

•“The Benko Primary Battery and Its Applications," by W. R. 
Cooper, Journal, Inet. EL Eng., Voi. XLVJ., p. 741,1011. 
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and ol the size shown in Fig. 51. It is seen that a remark¬ 
ably constant current of over 12 amperes was taken from 
the cell for six hours, and the current was then increased 
to over 17 amperes for about, two hours. The latter part _ 
of the discharge took a little time to become steady, due, 
no doubt, to the additional heating of the cell. 



Hours 

Flo. 52.—Diet-harp- Curves of I’enhii Cell, Solution “ L.” 


The bichromate cell used for comparison held 3 prints of 
the same electrolyte, and had one zinc plate and two 
carbons ; all three plates were <>} in. wide, and were im¬ 
mersed to a depth of 7J in. It should be noted that the 



Flo. 53.—Discharge Curves of 3-pint Bichromate Cell, on same 
circuit as in Fig. 52. 


area of the zinc was more than double that of the Benko 
cell, and the carbon surface also much greater (though a 
little less in proportion). Yet when this cell was switched 
on to the same circuit as that which carried 12 amperes in 
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the test just referred to, the current, which rose momen¬ 
tarily to 9-0 amperes, fell quickly below 8 amperes, and 
continued to fall, as shown in Fig. 53. The P.D, and watts 
‘■also fell rapidly. Even when a circuit of a higher resistance 
was used, giving an initial current of 6 amperes, the current 
fell off after a couple of hours. It is this characteristic 
which is so annoying to users of ordinary primary batteries,, 
but which is so completely eliminated by the Ben kb cell. 



Flo. 54,—Heavy Current Test on Constant Resistance, fnltis. 
current, 83 amperes. Solution " P.* 

The test shown in Fig. 54 was made with a similar single 
cell, using the stronger solution P at a head (between the 
bottom of the tank and the top of the overflow tube) of 
45J in., which gave a flow of about 1-9 litres per hour. In 
this test the external resistance was maintained constant, 
and the fall of current was observed for 15 minutes. The 
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current might have been maintained longer, but the cell 
became very hot with such heavy discharges. Notwith¬ 
standing the severity of this test, the P.l). was maintained 
at about 0 55 volt. The current, after the initial drop, rose 1 
(doubtless due to the heating) to a I tout 55 amperes, and the 
watts in the externa! circuit were alxntt 30. For the size 
of cell this is a remarkable achievement. 

Short-circuit tests with the L solution showed momen¬ 
tary currents of 100 amperes at a terminal voltage of 0-5 to 
0 (5 volt, the current falling to HO am]>eres at the end of five 
seconds. With the stronger P solution, momentary cur¬ 
rents of 200 amperes were taken at a terminal pressure of 
0-5 to 0-55 volt. It follows, therefore, that the internal 
resistance is well below 0 01 ohm, an extremely low figure. 
This result is no doubt due largely to the excellent contact 
between the lead shell and the earlstn. 

Another type of Benko cell has been developed, in which 
the electrolyte is no longer supplied under pressure, but 
passes through the carbon by diffusion.* The electrolyte, 
which in these cells may be made very concentrated, is run 
into the outer compartment, and plain water is run into the 
inner, or zinc, compartment. In a few moments the cell is 
readv for work. The great advantage of this type of cell 
is that the solution round the zinc is always only very slightly 
acid, and therefore local action is avoided ; the zinc is 
dissolved away evenly when the cell is in use, and the 
dipdariser is very thoroughly reduced. The efficiency, 
therefore, Is high. An ampere hour efficiency in the neigh¬ 
bourhood of !HJ per cent, is claimed for the zinct which is 
much higher than for ordinary types of acid cell. 

Supposing the level in the two compartments is the same 
initially, the specific gravity in the outer compartment may 
be, say, 1-3, compared with 10 (water) in the inner com¬ 
partment. Consequently diffusion continues until there is 

• “ The Benko Primary Battery’,” by W. H. Cooper, Traniacticnw, 
Faraday Society, VoL VII., p. 240, 1912. 



172 


PRIMARY BATTERIES. 


equilibrium, whether the cell is in action or not. When the 
diffusion stops the cell becomes one of the ordinary type, 
polarisation sets in, and the current falls rapidly. 

Obviously a cell of this kind cannot be used to give cur¬ 
rent continuously like the pressure type ; the use fo/which 
it is intended may, perhaps, be described os semi-inter¬ 
mittent. For example, the Author has found that a cell 
weighing 5 lb. (including zinc, but excluding electrolyte), 
and having the dimensions Of in. long, 11 in. wide and 6$ in. 
high, gave a current for eight hours daily as follows (with 
initial l’.D. of about 1-9 volts) :— 


First day .. 0-25 to 0-24 ampere. 

Second . 0-25 to 0-24 „ 

Third „ Fell to 0-22 „ 

Fourth „ Fell to 0-20 ,, 

Fifth „ . Fell off seriously. 


A current of 0-25 ampere is regarded as normal for this 
size of cell. The electrolyte amounted to about 200 e.c. 
and contained 170 grammes of sodium bichromate and 
250 c.c. of sulphuric acid per litre. By using a more con¬ 
centrated electrolyte the E.M.F. can be maintained longer. 

The Benko cell was placed on the market in Buda-Pest, 
but the Author is not aware whether it is still obtainable. 

SPECIAL ELECTEOLYTES FOE USE IN BI0HR0MATE 
CELLS.— The mixing of acid electrolytes is sometimes a 
matter of inconvenience to the user. To avoid this trouble 
J. J. Eastick & Sons, of London, supply in collapsible tubes 
solid excitant salts which are made ready for use by simply 
dissolving in the proper proportion of water. One of these 
excitants* bears the name of “ Chromolvte; ” another is called 
" Chromic Acid,” and is stated to contain the necessary 
amount of sulphuric acid. Both the excitants are deli¬ 
quescent. 

Several patents have been granted for making dry mix¬ 
tures of chromic acid and sulphuric acid. For example, 
according to patent No. 26,649 of 1909, by W. J. L. Sandy, 
a hard mass is made by mixing 32 ox. of anhydrous sodium 
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bichromate with 18-20 fluid oz. of concentiated sulphmic 
acid. Again, B. E. R. Newlands and H. M. Parking! n 
(patent No. 11,026 of 1900) mix 200 grammes of sodium 
bichromate, or the equivalent quantity of the potassium 
salt, frith 125 cubic cm. of sulphuiic aeltl; for use, this 
solid is dissolved in water, mixed with a solution 
6f about 20 grammes of chloride, or other salt, of sodium, 
and diluted up to one litre. The use of common salt 
seems to be usual in all such formula-, and the general 
proportions may evidently be varied rather widely, for 
W. H. Lowe makes a similar claim (patent No. 27,634) 
for a mixture of 28 oz. of anhydrous sodium bichromate 
and 18 fluid oz. of sulphuric acid. 


Cells having Solid and Gaseous Depolarisers. 


THE LALANDE CELL —In this cell, due to De Lalande 
the electrolyte is a solution of caustic soda, and the 
depolariser is black oxide of copper, either supported upon, 
2 n CuO or embodied with, 

. nr .. lr . the electro negative 

Na0 |[ M NaojlH plate, (,'opperoxide 

NaojrH °“° readily gives up its 

-—.-il - oxygen in the pres- 

Fiu. 56.—Reaction in the Lalande Cell. enCC ° f a 

' agent, such as hyd¬ 
rogen, and the copper so reduced easily takes up oxygen again 
and re-forms the oxide upon heating in the air. Its properties 
therefore render it eminently suitable for a depolariser. 

When the cell is generating a current the zinc forms 
sodium zincate, which is soluble. The chemital reaction 


is represented diagrammatically in Fig. 55. 

In one of the early forms of Lalande cell, the containing 
vessel was of iron and acted as the negative plate, a layer 
of copper oxide being spread over the bottom. The 
objection to this method of construction is that only part 
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of the negative plate is benefited by the depolarising action 
of the copper oxide. In another form the copper oxide was 
contained in an iron vessel which served as the negative 
plate, and was placed at the bottom of the ordinary glass jar. 

A more recent form of this cell is shown in Fig. 5f>. 
Tiie zinc, /, is a cylindrical sheet, which, in the figure is 
broken away so as to show the inner cylinder, I), of per-, 
•'"rated sheet iron which forms the negative plate. Tills 
cylinder contains the copper oxide, and is prevented from 
touching the zinc hy cylindrical insulators, I I. 



Fio. 56. —Lnlande Cell. 


This method of using copper oxide is not a very good 
one for obtaining electrical contact between the negative 
plate and«the dopolavi.ser, and therefore the oxide is more 
often used in the form of an agglomerate plate. Such a cell, 
made by l)e Latitude, is shown in Fig. 57, in which Z is the 
zinc and C the copper oxide agglomerate held against a 
sheet-iron support by springs L, L, ns shown in Fig. 58. 
The zinc and iron plates are held together by a rubber 
band K, but are prevented from touching by the ebonite 
insulators, I, I. 





0StnVlD6gU& 175 

The method used by De LaUtide in making the agglo¬ 
merates is as Mows :* “A wet,mixture of copper scale 
and 4 to 5 per ceut of clay is submitted to hydraulic pressure, 
and baked at a temperature of 600* to 700‘G.; or the wale, 
may he mixed with 6 to 8 per cent of tar, and, after mould¬ 
ing under pressure, placed in a reverberatory furnace. The 
oxide is in this way reduced, and the whole mass agglome¬ 
rated. On exposure to the atmosphere the metallic plates 
oxidise again without any change of shape. The plates so 



Fig. 57.—Lalande Cell with Coppar Fio. 58.—Method of Mounting 
Oxide Agglomerate. Copper Oxide Agglomerate. 


obtained are very strong aud porous, but poorly conducting. 
This defect is mainly of importance when the^ cell first 
commences working, and to overcome it the agglomerate is 
metallised, A layer of powdered zinc is spread over the 
porous plate and the whole is plunged into slightly add 
water, local action is set up, the zinc dissolves, and the 
surface of the oxide is reduced; but as it would re-oxidise 

~ • Tkt KUttridam, Vol. XXVtt, p. 166* 1891, from th. JMMfe i» U 
SoMtf IaWrmUifHuU. BltcitidtaM, Vui. VElt., pp. 319-816,1891. 
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on drying, an extremely fide film of copper is electro- 
deposited, a large current density of short duration being 
employed.” 

THE EDISON-LAiiA'WDE OBW..—In this modification of 
the Lalande cell, which is shown in Fig. 59, the copper 
oxide is used in the form of plates such as those just 
referred to, but they are fixed in position in a slightly 
different way, viz., id a light copper framework which is 
attached to the oover of the jar, and also forms one of the 
terminals of the cell. Two zinc plates are used, one on 



Fro. 59.—Ed won-Lalande Cell, 


each side of the copper oxide plate; they are fixed by a 
bolt passing horizontally through the central part of the 
cover which projects upwards for the purpose. The 
electrolyte, is a solution of caustic soda, in the proportion 
of one part of soda to three of water by weight. This 
solution is prevented from being converted, through the 
action of atmospheric carbon di-oxide, into carbonate by 
the use of a layer of heavy paraffin oil which floats on the 
top. 

Some curves showing the results of a test upon four 
Edtson-Lalande cells in series, bv A. E. Kennellv. ate raven 
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in Pig. 41, and the test* are referred to on page 148. The 
current is seen to be steady for a large proportion of the 
discharge. 

In Fig. 60 is reproduced a discharge curve which the 
Author obtained from a cell supplied *by the General 
Electric Company (London); it is known as Type A, 
having a diameter of oj in. and a height of 8 in., with a 
capacity of 150 ampere-hours. The external resistance 
was a quarter of an ohm. It will be -noticed that the 
current rises pretty rapidly when the circuit is first dosed, 
owing to the reduction of oxide on the surface of the 



» « w to w m 

Honrs, 

Flo, 60.—Dbcbitrge Curre of Ediwn-Lalande Cell, Type Q, through 0*25 ohm. 

copper oxide plate, thus reducing the internal resistance. 
The current then becomes steady for a considerable time> 
after which it slowly falls. 

The General Electric Company supply three sixes of this 
cell, having capacities of 150 (as above), 300 and 800 
ampere-hours; they are very suitable for cxperimortal work 
or the supply of power on a small scale—for mmpt^ to 
electric organs. There is no creeping of any salt, there is but 
slight local action, and there is no need for any attention. 
Local action takes place chiefly at the surface of the elec¬ 
trolyte, and is liable to cause the sines to drop off 
before they ate fully dissolved. There also sweats ta 
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be a tendency for tlie zincs to flake off even though 
amalgamated. The only serious disadvantage, however, . 
is the low E.M.F. of the cell. When freshly set up, the 
E.M.F. may be as high as l'O volt or T1 volts, but the effec¬ 
tive vulue is only about 0'75 volt. The cell is also Hither 
expensive in first cost and in maintenance. It is not 
necessary, however, to discard the copper oxide plates' 
when reduced by discharge. After soaking for a time 
in water to remove the excess of soda, they nifty be dried 
and re-oxidised by heating to a red heat in air, A large 
gas-burner may be used for this purpose; but in that 
case the plate should be protected from the direct action 
of the flame by a piece of thin sheet iron, otherwise 
reduction, instead of oxidation, is liable to take place in 
parts. A plate so treated is not likely to be so good as the 
original, and will give but a feeble current to start with 
unless previously reduced on the surface, but will never¬ 
theless have a serviceable life. The simplest way to reduce • 
such a plate is to short-circuit the cell for a few minutes. 
There alBO seems a tendency for the electrolyte eventually 
to crystallise through the earthenware jars. 

Of the General Electric cells, the type Q (150 ampere- 
horn's) is intended to discharge up to 1 ampere ; type 8 
(300 ampere-hours) up to 2 amperes and type W (GOO ampere- 
hours) up to 4 amperes. Fig. 61 shows discharges of these 
cells on a 1 ohm circuit, the curves being based on data 
kindly furnished by the General Electric Co. It is seen that 
the power in the external circuit is generally a considerable 
proportion of the whole {that is, the P.D. does not fall 
unduly), which is important in any cell supplying current 
above what may be described as small ie.g., 01 ampere). 

The Thomas A. Edison Co. have now modified the design 
in their Edison BSCO cell, so that the three plates are sent 
out clamped together. By so doing, the clearance between 
the plates can be reduced to a minimum, thus minimising 
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the internal resistance and increasing the efficiency and 
capacity ; and the plates are placed in position very easily. 

The plates are separated by porcelain insulators and 
clamped together by an amalgamated steel bolt, as seen in. 
Fig. 02. The makers state that by this design there is a 
gain of one-third in capacity and one-fifth in efficiency. 
These cells are used largely in the United States for railway 
"track signalling. In this class of work it is desirable that 
the cell should not be much affected by temperature varia¬ 
tions, nor freeze ; the capacity should lie large, so as to 
minimise attention, and the voltage should be constant on. 
closed circuit. When a train passes over the section the 



Hours (upper figures). 

Days (lower figures). 

Fig. 61.—Discharge Curves of Edison-Lalande Oils, Types W, S and Q. 
Continuous discharge through 1 olim.extemsl resistance. 

Type W:—600 amp. hrs. capacity: 15lm.fc9tn. diameter. 

S:—300 . 13| id. x 54 in. 

,, 0:—150 . 8in.x5* in. 

cell is short-circuited, and therefore it is desirable to use it 
with a limiting series resistance so as to avoid wjste. It is 
obviously important that cells so used should not come to 
an end of their life without some warning, and therefore the 
zincs are so proportioned that the lower panels become 
perforated when the cells are nearing the end of their life, 
as seen on the right-hand side of Fig. 62. The cells can 
be left in service until the holes become 1 in. square. 
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Instead of running a resistance in series with the cells, 
the cells themselves may be so made that their internal 
resistance is sufficiently high to act as a safeguard. This 
is the case with the modified Lalande cell, known as the 
Columbia Track Cell* (made by the National Carbon Co.), 
in use in the United States. For this purpose the plates 
are more than usuallly separated, the zinc (amalgamated) 
being in cylindrical form suspended by three short wires, 
as seen in Fig. 63. The other plate lies at the bottom of the 
jar, and is made of a disc of tin plate, to which is riveted 
> a rubber-covered copper wire to form the positive terminal. 
This plate is covered with flakey copper oxide, which u 



Fig. 62.—Plates of the Edison BSCO Cell. 


poured in after the solution is made up. The caustic soda 
electrolyte is of specific gravity 1-25, and is largely hi excess 
of the amount equivalent to the zinc, so that the sodium 
zincate formed by the action of the cell may be held in 
solution. As the zinc oxide becomes reduced to copper the 
red colour of the latter is visible through the glass, and 
affords a convenient indication of the extent to which the 
cell is discharged—a matter of importance in track sig¬ 
nalling. Since the amount of copper oxide is so propor¬ 
tioned that it becomes used up before the zinc is all dis¬ 
solved, there is no risk of unexpected failure if the oxide 

* “ A Railway Track Cell,” by E. L. Marshall. Transaction*, 
American Electro chemical Society, VoL XXV., p. 467, 1014. 
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is kept*under observation. Ihe jars are made of “ heat- 
resisting ” glass, so that they will withstand the heat due 
to dissolving the caustic soda. In the Columbia “ Signal 
Cell ” oil is incorporated in the copper oxide plate, an$ 
separates out when the element is plunged into the hot 
caustic soda, so that the addition of oil unnecessary. 

The “ Neotheim ” cell is another example of the copper 
* oxide type, but it is much more robust in character. In* 
this cell the container is an iron box, the inside of which is 



■ ' . .- , ;.3S Fin. 64. 

Fro. 63.—Colombia Track Oil. “Neotherm” Copper Oxide Cel', 


coated with copper oxide, thus reverting to the original idea 
of De Lalande. In order to obtain a good coating the back 
and front inner surfaces are dentated, and copper is de¬ 
posited upon them eiectrolyticaHv. Specially prepared 
copper oxide is then pasted on these surfaces, and, after 
drying, it is “ formed ” by electrolysis, so as to be 
thoroughly porous. The cell is closed by an enamelled iron 
cover, which is fastened down by thumb screws. One of 
these serves as the positive terminal. The zinc is in 
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the form of a plate, and is provided with a brass stem; 
this screws into the centre terminal seen in Fig. 64, and 
which passes through an ebonite bush in the cover. The 
whole construction is thus very robust. The great advan¬ 
tage of the cell is that, after exhaustion, the electrolyte can 
be emptied out and the copper oxide rejuvenated by heating 
the container in an oven. In carrying out this operation 
the oven is first brought to the required temperature 
(250°F.-300°F.), and any residue in the container is washed 
out by means of solution, it being important that water or 
other liquid should not be used for this purpose. As soon 
as this has been done the open container is placed in the 
oven, whore it is left for a time varying from 3 to 6 hours, 
depending on the size of the cell. When the cell has cooled 
down after baking it may be recharged, and is then ready 
for use. The operation is stated to be quite simple, and any 
form of oven may be used for the purpose, provided the heat 
is not generated by burning gas inside the oven itself. The 
specific gravity of the caustic soda solution, when cold, 
should be 1-241. 

This type of cell has been described by 0. Arendt* as the 
Wedekind cell. 

In making up the electrolyte, use should be made of 
caustic soda which is ground , as solution is then rapid. 
Caustic soda in large lumps dissolves but slowly to a strong 
solution, even in boiling water. 

THE WALKER-WILKINS CELL.— This cell may be 
referred to here on account of its similarity to the Lalande 
cell in the use of caustic soda in the electrolyte, the copper 
oxide, however, being absent. The cell is of interest 
(although apparently it is no longer on the market), owing 
to the use of gaseous depolarisation, atmospheric oxygen 
being relied upon for this purpose. Fig. 65 shows an 
* EUktrotochniscJu ZtiUchrifl , Vol. XXVII., jj. 27, 1906. 
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elevation and a section of the cell. The zinc, in the form 
of a cylinder, or a spiral rod, in a solution of caustic soda, is 
supported in a porous pot, and this is contained in an outer 
perforated jar. The space between the two is occupied by 
a perforated nickel cylinder forming tlje negative plate, 
which is packed on the inner side with powdered, and on 
. the outer with granular, carbon. The caustic soda, after , 
passing through the porous pot, permeates through the 
carbon and slowly drains oil' into the earthenware stand. 
The depolarising oxygen is supposed to be absorbed by the 
carbon through the outer perforated vessel. 



Fio. 65.—Walker-Wilkin. (Ml 


It was at one time suggested that this cell* should be 
used for the supply of electricity for lighting purposes, ' 
zinc oxide being obtained as a bye-product But the 
project fell through. For general laboratory work the 
cell is in many ways unsuitable: it is lather complicated 
it requires attention, because the caustic soda is con¬ 
tinually draining off and carbonating; and, lastly, if it is 
allowed to get dry, the porous pots are likely to split. 
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The E.M.F. varies up to about 1’4 volts, but theWective 
E.M.F. is probably less than 1 volt. 

. THE HAEEI80N CELL. —The use of lead peroxide as a 
depolariser is well known in connection with accumulators, 
but it has never been used to any large extent in primary 
batteries owing to the difficulty of making plates that will 


Hard L«*d Conductor. 


Peroxide of Lead. 


Fig. 66.—Negative Red of Harrkon CWl 

last This difficulty appears to have been overcome in 
the Harrison cell, which has been introduced in America. 
Klectrolytically prepared lead peroxide, subjected to a 
secret process, is compressed round a central conductor 
of hard lead wbich'has been previously treated in a way 
that prevents sulphatiug when in use. The section of such 
« rod- is shown in Fig. 
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As the electrolyte is dilute sulphuric acid it is necessary 
to have the zinc always well amalgamated in ordsr to 
avoid local action. The way in which this is effected is of 
some interest. The zinc is cast in the form of a cup and is 
attached to an amalgamated wire forming the terminal, as 
shown in Fig. 67. Into this cup, and round the copper 
wire, enough melted zinc amalgam is poured to completely 



Via. 67.—Pi>«iti?e Block of Harmon Cell. 

• 

fill it Since this amalgam is solid when cold there is 
no free mercury to give trouble by loss in transit No 
further amalgamation is necessary. When the zinc 
is placed in the acid, local action will, of course, take 
place on the surface of the uuamalgamated zinc; and 
since zinc amalgam is slightly electro-positive to pure zinc, 
local action will also take place on the surface of the 
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amnlgara. This latter local action, however, liberates 
mercury, which spreads over the whole of the nnamal- 
gamated surface until the amalgamation is complete and 
the local action is stopped. The placing of the amalgam 
in a cup in this wijy at the top of the zinc is an important 
feature, as it prevents the gravitational separation of 
a mercury, which generally causes the amalgamation o f 
vertical zinc plates to be so ineffective. 



Fig. 68.—Harrison Cell, No. 1. 


This form of zinc is intermediate between a plate ol 
zinc amalgamated on the surface and a plate of zinc 
amalgam,with mercury throughout. Amalgamation on 
the surface is very effective when fresh, but the protective 
action diminishes as solution takes place and as impurities 
collect in the mercury. With a plate of amalgam, on the 
other hand, the amount of mercury on the surface increases 
as eolation continues, and therefore the amalgamation 
remains effective; but such plate3 are more brittle than 
those of zinc and are more expensive. 
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If impure sulphuric neid is used, local action is still 
liable to occur, notwithstanding the amalgamation, owing 
to the deposition of loss electro-positive'metals by the 
zinc. In the case of metals which readily amalgamate, 
8Uch*as copper, no harm it suits; but if such metals as 
iron, arsenic and selenium are deposited on the zinc, 
.they do not amalgamate, and local couples are therefore 
formed. This state of things is easily remedied, after 



Fig. 69. — Harmon Cell. No. 3. 


complete deposition has taken place, by scrubbing the 
impurities off the surface in running water. A solution of 
bisnlphate of potash or soda gives almost as good a result 
as sulphuric acid. 

Fig. 68 is an illustration of the smaller size of Harrison 
cell, in which the cylinders of peroxide and of zinc are 
placed side by side. This cell is intended to supply only 
small currents. In the large cells the arrangement shown 
in Fig. 69 is adopted. Granulated zinc, placed on a copper 
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grid at the bottom of the jar, is used in place of the cylinder 
previously described. Connection is made with the grid 
by means of an insulated copper wire. To prevent local 
action, a quantity of mercury is placed at the bottom of 
the jar. This method of utilising granulated zinc has*the 
great advantage that waste zinc is completely avoided. 

, The lead support of the peroxide is in the form of a 
basket or grid, divided internally into four equal parts by 



Fiu 70.—Leid Peroxide Plate. 


lateral walls, and supported bv a central rod passing 
through thy cover of the cell and forming the positive 
terminal. This is shown in Fig. 70. 

One great advantage of the Harrison cell is its high 
E.M.F., viz., 2-5 to 2-7 volts. 

In Fig. 71 are reproduced curves obtained by J. D. 
Darling* in testing two No. 1 cells in comparison with two 
sal-ammoniac cells containing manganese peroxide and two 

* Journal of the Franklin Institute, Vo). 148, pp. 56-65,1896. 
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plain carbon cells without a depolariser. Half the cells 
were left on open circuit, each of the remaining cells being 
placed on a circuit of 8 ohms. These circuits were 
alternately opened and closed fur five minutes during 
twelve days of eight hours each. Initially the E.M.f. of 
each cell was as followsHarrison cells 2 5 volts; sal- 
i ammoniac cells (depolarising) To volts; plain carbon cells. 
I'4 volts. At the end of the tests the “E.M.F. on closed 
circuit” (by which I’.l). is probably intended) was as 
follows: Harrison cell 1'8 volts; sal-ammoniac cell 
(depolarising) 0'8 volt; plain carbon cell 0 - 2 volt. 
Nothing is stated as to the size of the sal-ammoniac cells. 
Considering the small size of the Harrison No. 1 cell, viz., 
6in. high over all by Sin. square, the result appears to be 
fairly satisfactory, though probably not so good as that 
obtainable from an Edison-Lalande cell. The Author is 
not aware whether the cell is still on the market. 

BELLINI'S CELL. —E. Bellini* has pointed out the 
desirability of avoiding any possibility of depositing ions of 
the electro-positive metal on the electro-negative element, 
where a single electrolyte is used. For example, in the 
case of the simple cell, consisting of platinum and zinc in 
dilute sulphuric acid, zinc tends to be deposited on the 
platinum as zinc sulphate forms in solution, and thus leads 
to increasing polarisation. In order to avoid this difficulty 
Bellini uses a metal for the electro-positive plate which 
forms an insoluble salt. Lead in sulphuric acid is there¬ 
fore selected. If plain lead is used it becomes coated with 
sulphate, find the internal resistance becomes too high for 
Baeful work. To overcome this difficulty the lead is amal- 
jpmated, in the proportion of one part of mercury to nine 
of lead. The amalgamation is effected bv melting the lead, 
adding the mercury to the molten metal when not too hot 

* The Electrician, Vol. LXXIV., p. 809; Bulletin, Sooicte Inter' 
aatkmale dee Electric iens, Vol. V„ p. 35, 1915. 
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ami stirrin?, after which the amalgam is poured into a 
mould of the required form. The other plate of the cell is 
carbon, and the electrolyte is a mixture of sulphuric and 
nitric acids. 

'I ht* action of the cell is interesting, and is shown dia- 
grammaticallv in hi?. 72. We may look upon the sulphuric 
acid and nitric acid as acting in paiallcl, hut it is im¬ 
material whether we suppose the lend to be attacked bv 
the SO,, forming I’bSO, dim-tly, or by the NO a forming 
I'blN't tji „ because the nitrate, if so formed, will at once 
react with the sulphuric acid to hum insoluble sulphate. 
Thus lead sulphate is formed, and as this does not become 
attached to the amalgamated surface it fulls to the bottom 
of the cell. At the carbon plate the polaiising ion can 



loo. 72. —Ue|i’t“,entiition of Hollmi’rt Cell. 

only be hydrogen, and this is removed by the nitric acid, 
which acts as a depolariser as usual, (las is thus given off 
at the carbon plate, and analysis shows this to be cliieflv 
nitrogen, along with some oxygen, carbonic acid and 
oxides of nitrogen, it becomes clear that if only sulphuric 
acid is used polarisation must be heavy owing to the 
absence of a depolariser; on the other hand, if there is 
only nitric acid, lead nitrate will be formed, and, as this is 
soluble, lead will in time lind its way to the carbon plate, 
and will cause polarisation The mixture is, therefore, 
essential. The inventor mentions the following as being a 
satisfactory formula :— 

Parts by volume. 


Sulphuric acid, »p. gr. 1 -8 . 2 

Nitric acid, sp. gr. 1-3 ... 3 

Water . 25 

0 
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The E.M.F. is 11 to 1-25 volts, and the discharge obtained 
is constant over a number of hours. This is shown by the 
curves in Fig. 79 as given by Bellini. These refer to a cell 
containing 2-G litres (about 2| quarts) of electrolyte, three 
lead amalgam plates with a total immersed area of 900 sq. 
cm. (139.J sq. in.) and four carbon plates with a total im¬ 
mersed area of 1,230 sq. cm. (1901 sq. in.). The cell, 
therefore, was rather large, and had an internal resistance 
of 0-022 ohm. The curves show two successive discharges 
through a constant resistance, with an interval of 10 hours’ 
rest between them, on a single charge. It is seen that 



Resistance. 

the current fell from 5 amperes to 4 amperes in a total 
discharge of 25 hours. The local action is stated to be 
small. 

SILVER CHLORIDE CELL—This cell, apparently due 
to O'Shaughnessy, was at one time used as a standard of 
E.M.F. It was also brought into prominence by researches 
on disruptive discharge by De la Rue, whose name it some¬ 
times bears ; but it is now seldom employed. A dry form 
however, has been used in recent years in America for 
medical purposes. The cell usually consists of zinc and 
silver as electrodes in a solution of either common salt, zinc 
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chloride or ammonium chloride. The silver chloride, which 
is reduced by hydrogen to silver, acts as a depolariser. 
The silver chloride is either placed in the form of powder 
at the bottom of the cell as a covering to the silver plate, 
or, preferably, it is fused in the form of a sod round a silver 
wire which is used as the electrode. The internal resis¬ 
tance of such cells is not very high when new, but it increases 
rapidly owing to the formation of oxychloride on the zinc. 
This may be remedied by adding a very small quantity of 
hyrdochloric acid. Such cells, however, are generally 
troublesome. The E.M.F. is about 105 volte. 

SULPHATE OF MERCURY CELL.—This cell, like that 
just described, is used for medical purposes, such as the 
working of small induction coils. The plates are zinc and 
carbon. Acid mercuric sulphate is used as a depolariser. 
This enters sufficiently into solution to give a suitable 
electrolyte. For medical purposes the carbon is usually 
set in the bottom of a vulcanite case. The mercuric 
sulphate is placed on the carbon along with a little water, 
and the zinc plate is laid on top. The E.M.F. is about 
1 -45 volts. The cells are frequently made two in series, 
the zinc plates automatically making the neoessary con¬ 
nections with platinum wires when put into position. 

Leclanche Cells.- 

THEORY OP LE0LAN0HB CELLS—Most of the cells 
which have so far been considered are provided with effec¬ 
tive means for depolarisation, and are therefore capable 
of generating heavy currents. We now come to a very 
large class which has sprung from the cell introduced in 
1868 by Leclanche, and which was originally characterised 
by feeble depolarising qualities. Its popularity is due to 
its simplicity and to the small attention which it requires. 
These properties are very important in certain classes of 

o 2 
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work—(or example, on bell and telephone circuits; lor 
where only intermittent currents are required, good depolari¬ 
sation may become relatively unimportant. Of late years 
the depolarising qualities have been much improve<|, thus 
permitting heavier currents. 

The Leelanche coll consists essentially of a zinc and a 
carbon plate, the latter being in contact with the depolarise'r, 
which is manganese peroxide in some suitable form. The 
electrolyte is generally a solution of sal-ammoniac (ammo¬ 
nium chloride), but other excitants, which are trade secrets 
and are specially made by combining ammonium chloride 
with other salts, are sometimes used. 

The chemical reaction which takes place when a current 
is generated may be represented as shown in Fig. 74. 

Zn MnOj 

.If———-ir——- 

cii:NH 4 cu:nh 4 

Fia. 74.—Voltaic Reaction in the Leelanche Cell. 

Zinc chloride is formed on the surface of the zinc, and 
the ammonium radicle passes into contact with the 
manganese peroxide. The ammonium breaks up into free 
ammonia and hydrogen, the latter causing polarisation. 
Since MnO : readily reduces to Mn 2 0 3 , this hydrogen is 
converted into water, and its polarising influence is 
eliminated so long as it is not produced more quickly than 
the reducing action can take place. The free ammonia 
also causes a lowering of the E.M.F., as shown by M. de Kay 
Thompson and E. C. Crocker.* 

The E.M.F. of a Leelanche cell is about 1-5 volts, but 
this soon drops when on circuit, so that it is necessary 

* Transactions, American Electro - Chemical Society, VoL XXVII., 
p. 165, 1915. 
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to regard the effective E.M.F. as being about 1 volt in 
estimating the number of cells required to furnish a given 
current, unless the current required is very small. 

TSE F0B0TJ8 POT POEM OF CELL.— The form of 

Leclanche cell which is most commonly used is that in 
which the depolarising manganese peroxide is contained 
in a porous pot. Such a cell is shown hi Fig. 7b. The 
carbon plate is fixed in the porous pot and is packed round 
with granular peroxide, mixed with broken gas carbon to 



Fio, 75 —PorouH Pot form of LeclaticM Cell. 

increase the conductivity and to make good contact with 
the carlion plate ; at least, this is so in the more ordinarv 
types, but in the more recent types the ingredients have 
been of much smaller grain, and in cells made for the Post 
Office the manganese peroxide is powdered, as described 
later. The pot is sealed up with a mixture of black wax 
and pitch, into which two small vent tubes are inserted to 
allow the liberated ammonia to escape. 

The positive plate consists of a single zinc rod, with a 
copper connecting wire soldered to the top. 
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There are three obvious objections to this form of cell. 
Firstly, the use of a porous pot introduces resistance. 
This cannot be very well avoided where fluids have to be 
separated, as in the case of two-fluid cells ; but a Lecianche 
cell contains only one electrolyte, and, therefore, the pbrous 
pot merely serves to keep the solid depolariser in position 
, and is otherwise not essential. Secondly, the use of a- 
single rod of zinc, and likewise the porous pot, must cause 
the internal resistance to be comparatively high. Thirdly, 
the cell is open and is therefore liable to give trouble on 
account of evaporation. 

The electrolyte is made up by dissolving sal-ammoniac 
in the proportion of from 2oz. to 4oz. of the salt to a 
pint of water. If this solution is poured only into the 
outer jar it will diffuse through the porous pot but slowly, 
and therefore the cell will not be ready for use until the 
next day. But if the solution is also poured down the 
vent tubes the cell will be ready in a comparatively short 
time. Porous pots are sometimes made with three or four 
saw-cuts at the bottom so as to allow a ready penetration 
of the electrolyte. 

Cells may often be seen with an excess of sal-ammoniac 
crystals at the bottom of the cell, but Buch a practice is 
objectionable, as it leads to a deposit of crystals on the 
*ino which interferes with the voltaic action. Probably 
the most satisfactory strength of solution for general use 
is made by dissolving 3 oz. of the salt in a pint of water, but 
if a considerable current is desired the solution should be 
saturated. , 

Porous pot cells are made in three sizes—viz., pint, quart 
and 3-pint. Discharge curves obtained by running cells 
of this kind on a 10-ohm circuit are shown in Fig. 76, and 
were supplied to the Author by the India Rubber, Gutta 
Percha & Telegraph Works Co. (frequently called the Silver- 
town Co.). Curve A refers to a 3-pint cell. It will be seen 






it-pint cell 
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that the current dropped to half its nominal maximum 
possible value—viz., to 75 milliamperes—in 17 days. The 
fall of current is very rapid at first, showing that the cell 
is unsuitable for a continuous discharge of this kind. 

Curve B was obtained from a quart cell, also by the 
Silvertown Company, and curve C refers to a similar pint 
cell. The useful life was 8| days in the former and 4f days 
in the latter. These curves are typical of high-class porous 
pot cells in which the granular size of manganese peroxide 
is used. 

In tesling Leelanche cells, the useful life is considered 
to be the time required for the current to fall to half its 
nominal maximum possible value ; for example, to 75 milli¬ 
amperes on a 10-ohm circuit, or when the voltage has fallen 
to half the nominal E.M.F. (i.e., 0-75 volt). The reasons for 
selecting this limit were discussed on page 141. Thus, in 
Fig. 70, the useful life of each cell is given by those parts of 
the curves which lie above tlie horizontal dotted line. 

Figs. 77 and 78 are reproduced from curves supplied by 
Messrs. Siemens Brothers & Co., showing the discharge of 
their improved 8-pint and quart porous pot Leelanche cells 
compared with the ordinary type of ceil. In this improved 
type powdered manganese peroxide is used on the lines 
specified by the Post Office, as described at the end of the 
present chapter. The manufacture of such cells is more 
expensive and, therefore, the price is appreciably higher, 
but the output is considerably greater. The increased 
output is shown by the curves and by the following figures 
which are deduced from them 


Size of sell. 

Size of [ 
poroua 
pots. 

Output 

1 volt. 

in Ampere-hours, 
down to 

10-75 volt, i 0-5 volt. 

I mproved pattern 1 
Ordinary pattern J 
Improved pattern 1 
Ordinary pattern J 

^3-pint ... 
^ Quart ... 

6}'x3" i 

1 

54' x 2! i 

1 • 1 

f 37-0 

l 2»-3 
r 14-4 
l 12< 

78-0 ! 85-4 

29-5 j 33-2 

39-7 ! 61 8 

17-6 | 19-8 
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The curves in Fig. 79, which were obtained by the Author 
several years ago, are of interest as showing the effect of 
rest and discharging, and also as evidence of the improve¬ 
ment that has taken place since that time. If allowed to 
rest after discharge, a Leclanche cell recovers its E.M.F. 
fairly rapidly at first, and then rises slowly to a value which 
,is somewhat lower than the initial E.M.F. For example, 
the discharge of a 3-pint cell is shown by the curve A and of a 
quart cell by curve B. These cells after discharge were 
allowed to rest, when it was found that the E.M.F. of cell 
A rose to 1-4 volts afler 74 days, and cell B reached 1-42 
volts after 87 days. After a recovery of this kind the cells 
are capable of a further discharge, but it is comparatively 
short, as shown by curves A' and B'. These curves relate 
to cells made by the Silvertown Co. about 1898, and should 
be compared with the present-day curves in Fig. 76 to 
appreciate the progress that has been made in the interval. 
The discharge of another quart cell by a different maker is 
shown at C. 

When exhausted, a Ijeclanche cell may be recharged 
with fresh solution, but the E.M.F. is not so high as that 
of a new cell, and the useful discharge is always very 
much less. Such a discharge is shown in curve C', which 
was obtained by recharging cell C after the current in the 
first discharge had fallen to 55 milliamperes. It will be 
noticed that the current fell to 75 milliamperes in about 
one-fifth of a day, and therefore the useful life by such a 
recharge is comparatively small. It becomes necessary to 
renew the porous pot if a good result is desired ; the sine 
also is of comparatively little use after a cell has been run 
down, as it generally becomes rotten. 

THE AOOLOMEBATE BLOCK DELL.— The first defect 
mentioned above is overcome to some extent in the agglo¬ 
merate block cell in which the porous pot is absent. This 
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Time in JVy*. 

of the Porvus Pot form of Lechwche Cell, discharged through 10 ohms (18S^). 
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is effected by making the mixture of carbon and peroxide 
into agglomerate blocks with some binding material, such 
as resin or a little shellac, and left unbaked. These blocks 
arc placed one on each side of the carbon plate, and are 
held in position by strong rubber bands. The arrangement 
is clearly shown in Figs. 81 and 82. Le Carbone, in some of 
their cells, have used bolts instead of rubber bands for 
holding the various parts together, the heads of the bolts 



Fig. 80.— Agglomerate Block Cell- 


taking th^ place of the insulator which usually carries the 
zinc. Some makers replace this insulator by a small loose 
porous pot, in which is placed the zinc rod. 

In the form of cell shown in Fig. 80, the zinc rod is 
placed in a porcelain insulator, the zinc, insulator and 
blocks being all held in position by the rubber bands. 
But if the cell is closed by a lid to prevent evaporation. 
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the insulator may be omitted, as seen in Fig. 81, which 
represents a cell made bv Leelanche et Cie.; the zinc rod 
in this case is held in position sufficiently by the lid through 
which it passes. 

In* Fig. 82 are reproduced curves supplied to the Author 
by the Silvertown Company and obtained by discharging 
Agglomerate block cells through a resistance of 10 ohms. 
Curve A refers to a 3-pint cell, and curve B to a quart cell, 
both made by the Silvertown Company. A comparison 
between these curves and those in Fig. 70 show that, as far 



FiO. 81— Method of Filing Agglomerate Blotke. 


as life goes, the agglomerate block cell is inferior to the 
porous pot form of cell. For example, the 3-pint agglo¬ 
merate gave a life of 101 days, 48 Compared with 17 days 
for the porous pot cell. In the case of the quart size, the 
life was five days for the agglomerate, as compared with 
8J days for the porous pot cell. It may be said that in 
recent years there has been greater progress in the porous 
pot form than in the agglomerate. On the other hand, the 
latter type is less liable to deterioration by clogging and risk 
of breaking, and perhaps more uniform. 

Another form of agglomerate block cell, known as the 
Aylmer-Leelanche cell, made by Leelanche et Cie., is 
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shown in Figs. 83 and 84. It is intended for a higher 
rate of discharge, and to this end the internal circuit 
is much improved by having, in place of a zinc rod, a 
cylinder of zinc surrounding the agglomerate blocks. A semi- 
cylindrical block is placed on each side of. the carbon plate 
and is held in position bv three rubber bands as indicated 
ip Fig. 84, in which the zinc is shown cut. away so that the 
arrangement of the blocks may be more clearly seen. The 
distance between the agglomerate blocks and the zinc is 




Fig. 83. Fro. 84. 

Aylmor-LeclancM Cell. Comtruction of the A Timer- 

Lcclanctrf Cell. 

but little more than the thickness of the rubber bands. 
Consequently the internal resistance is a good deal smaller 
than that of the cells just described, being about 0-2 ohm 
for a cell lOin. high and 5in. diameter. . 

Fig. 85 shows a similar cell having an ebonite jar which 
is closed in at the top, and is therefore convenient for 
portable purposes. 

In Fig. 82 curve C shows the discharge obtained from 
an Aylmer- LeclancM cell on a 10-ohm circuit. The useful 
life in this case was about 7-4 days. A similar type of cell 
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is made by the Silvertown Company and Siemens Brothers 
& Co., and is known as the 0-Block Agglomerate Cell. It 
consists of six agglomerate cylinders which fit against a 
central fluted carbon rod, as shown in Fig. HO. They are 
wrapped round with coarse canvas, 0, and are hirthei* held 
in position by rubber bands, R, which also serve to separate 
the agglomerate blocks sufficiently from the cylindrical 
zinc plate. Curve C in Fig 82 was obtained by discharging 
a 3-pint cell of this kind on a 10-ohm circuit. The result 




Fm. 87. 


Se&lcd pattern of Six-Block Agglomerate LeCarbone" Star” 
Aylmer-Lechlancho Cell (Silvertown Company). Agglomerate Block. 
Cell. 


is seen to be very satisfactory, a useful life of 18 days 
having been obtained. In Fig. 1)7 is given the discharge 
curve of a similar cell bv Siemens Brothers & Co. Here the 
life was 23 days. A curve is also given showing the varia¬ 
tion of the internal resistance in this case, from which 
it is seen that the resistance at first rises steadily and then 
remains constant. 

Le Carbone have also used a form of agglomerate con¬ 
sisting of a carbon box holding the mixture of carbon and 
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peroxide, the top and bottom of the box being closed with a 
bituminous seal. This type of construction is illustrated 
in Fig. 87. It would seem to be a disadvantage (at least 
theoretically) that the outside of such a box cannot act as 
an electrode, owing to its polarised condition ; it is neces¬ 
sary for the current to pass to the inside of the box before 
depolarisation can take place. 

CENTRAL ZINC CELLS.—'1'he best known example of 
this class of cell is the Leclanehe-Baibier, which is made 



Fxo. 88.—LeclaneM-Barbiw 
Cell. 



Fro. 89.—Section of Leclaiicbi- 
Barbier Cell. 


by Leclanche et Cie., and was designed particularly to 
eliminate evaporation. A general view of the eef i« °hown 
in Fig. 88 and a section in Fig. 89. There is no carbon 
plate, its place being taken by a hollow cylindrical agglo¬ 
merate, C, of plumbago and peroxide, round the top o' 
which is cast a metal ring, E (Fig. 89). This ring carries 
the terminal F and rests on the top of the jar, a rubber 
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washer, G, being interposed to make an airtight joint. The 
zinc rod is supported by a paraffined wooden stopper, I, 
and carries a rubber band, ,T, at its lower end to prevent 
accidental contact with the agglomerate. The cell is thus 
completely closed, and evaporation, us also creeping o( the 
salt, is entirely prevented. 

.The agglomerate in 
this cell contains a con¬ 
siderable proportion of 
graphite as well a.s per¬ 
oxide and carbon. In 
order that the depolar¬ 
isation should be effec¬ 
tive, it is necessary that 
it should take place 
throughout the block 
and not merely at the 
surface. The required 
porosity is obtained by- 
adding a small quan¬ 
tity of sulphur; the 
mixture is pressed into 
shape and then baked, 
when the sulphur vola¬ 
tilises, leaving an agglo¬ 
merate that is exceed¬ 
ingly porous. 

Fig. !)0 shows two discharge curves which were obtained 
by the Author. Curve A refers to a No. 1 call (3-pint 
size) which was discharged on a 10-ohm circuit. The 
result is very satisfactory, showing a life of 19 days. 
Curve B refers to a No. 2 cell (quart size) which was run 
under the same conditions. In this case the useful life 
waa 5-1 days. On recharging, this cell gave an E.M.F. 
of 1-17 volts, which slowly ro3e to a steady value of 

r2 



Fro. 01.—ft tion of Laoombc Cell. 
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1-37 volts alter about a fortnight. The useful life result¬ 
ing from this recharge was only 0-7 of a day, as shown by 
curve B'. 

Another form of central zinc cell is the Lacombe cell 
(made by Le Carbone), of which a section is given in 
Fig. 91. It consists of a perforated carbon cylinder, A, with 
a head which carries the terminal 0. Within the carbon-is 
a second perforated cylinder, B, of porous porcelain. Both 
cylinders rest upon a glass base, C, and the annular space 
between them is filled with the depolarising mixture. 
The zinc Z is placed within the porcelain cylinder on the 
top of which is a circular insulator, N. 


SACK CELLS. —During recent years there has been a 
considerable development of so-called “ sack ” Leclancke 
cells. Those cells are essentially the same 


as the porous pot form, except that the 


porous pot is replaced by canvas. The con- 



Fio. 92. 


11 Carbi ” Sack, 
m made by Le 
Carbone* 


struction of the electro-negative element 
in this form is illustrated in Fig. 92, which 
refers to the “ Carbi ” cell of Le Carbone, 
one of the earliest makers of this type. 
At the bottom the canvas is bound tightly 
round a wooden base ; at the top the can¬ 
vas is turned over and is finished off with 
a bituminous layer round the carbon. 
Fig. 93 shows the construction adopted by 
Messrs. Siemens Brothers & Co. 

The use of canvas in this way appears 
to permit the better utilisation of the 
depolariser, and results in a lower internal 
resistance (both initially and during dis¬ 
charge, presumably because there is less 


clogging) than is obtainable with a porous pot. Also 
the carbon and peroxide can be used in a finer powder 


Volts . 
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and rammed more tightly round the carbon plate. Con¬ 
sequently the larger cells of this type are capable of giving 
a comparatively heavy service, and may be used for the 
lighter classes of “ closed circuit ” work. 



Electro-negative element with Electro-negative element sealed 

porcelain cover. with compound. 

Fiu. 93.—Electro-Negative Elements of Siemens Sack Celia, 



Days. 

Fio. 04.—Discharge Curves of G.E.C. Sack (“ Carsak ”) Cells. Continuous 
Discharge through 10 ohms external resiatanoe. 

Pint .. .. 7i in.X4in.X4in„ Internalresistanoe-0' 12ohm. 

Quart.. .. 71 in.x44 in.x4* in. „ —010ohm. 

3-pint- .. 8| in. x 41 in. x 41 in. „ .. “OOSohm. 

f 
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The General Electric Co. (England) was also early in the 
field in developing a sack cell, known as (he “ Carsak.” 
Discharge carves (supplied to the Author by the Genera! 
Electric Co.) of these cells are given in Figs. ‘>4 and 95. 
Fig. 94 refers to the three smaller sizes discharged through 
10 ohms. If a resistance of 10 ohms were used for testing 
the larger sizes, the tests would be unduly prolonged ; con¬ 
sequently Fig. 95 refers to tests on a 5-ohm circuit. 



Fig. 95. —Discharge Curves of G.E.C. Sack {“Carsak”) Cells Nos. 0 
and 00. Continuous discharge through 5 ohms external resistance. 

No. 0.2-quart size, 9 m. '< 5 m. diam., int. resist. 005 ohm. 

No. 00, 5-pint size, 10J in x 5 in diam., int. resist., 0X55 ohm. 


In Figs. 90 and 97 is given a series of curves, which were 
supplied'to the Author by Messrs. Siemens Brothers & Co., 
referring to the four sizes of sack cell made by this firm. 
Nos. 1, 2 and 3 sizes of cell are rather smaller than the 
3-pint, quart and pint sizes of the porous pot type, yet it 
is seen on reference to Figs. 77 and 78 that the useful life 
is considerably greater for the sack form. A corresponding 
curve for a 6-block agglomerate cell is also given. 
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The No. 0 cell is a larger cell than the No. 1. The No. 00 
cell is of the same diameter as the No. 0, but is twice the 
height, and is, therefore, capable of considerable currents. 
The curve in Fig. 97 shows the discharge of a No, 00 through 
5 ohms, from which it is seen that the life is practically the 
same as with a No. 0 through 10 ohms. As a matter of 



Fro. 98.—Discharge Curves of Siemens No. 0 Sack Cell. 
Continuous discharge through half an ohm external resistance. 


interest the discharge curve of a No. 0 cell through 0-5 ohm 
is shown in Fig. 98, though it should be mentioned that this 
is much too low a resistance on which to use a cell of this 
size. Nevertheless the current did not fall below 1 ampere 
until after 46 hours. 

Another sack cell is that known as the “ Invicta,” 
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marketed by the Sterling Telephone & Electric Co. In this 
cell the sack is mounted on a carbon rod which projects 
at the upper end to carry the terminal and also at the lower 
end, so that the sack does not rest on the bottom of the jar. 
The lower end of the carbon is paraffined. Glass beads are 
threaded on tlie string around the sack, so as to keep the 
latter from touching the cylindrical zinc with which it is 
surrounded. The sides of the glass jar near the bottom are 
indented, giving projections on which the zinc rests, 
so that it does not touch the bottom of the jar. 

COMPARISON OF TYPES OF LECLANOHE CELLS.— As 

regards a general comparison, it may be said that if the 
modem porous-pot type is taken as the standard, the 
agglomerate type is distinctly inferior in efficiency, because 
the mangmese peroxide in the agglomerate block cannot 
be thoroughly utilised, though this form of construction 
has certain advantages in other directions. On the other 
hand, the sack form of cell is considerably more efficient 
than the porous pot. Roughly, the output in ampere-hours 
for cells by makers of repute may be taken somewhat as 
follows, some makers showing results above these figures 
and some below : — 


Output in Ampnc hours down to 0-75 volt. 


_ j 

Porous pot. 

Sack form 


GO 

110 


! 30 

80 


12 

40 




The greater output will be readily seen by reference to the 
curves given above. The sack form has the further advan¬ 
tage of a considerably lower resistance, something like one- 
eighth of that of the porous-pot type, and, although it i- 
more expensive in first cost, the output obtained i 
considerably greater, in proportion, than the cost. 
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EFFECT OF PHYSICAL QUALITY OF THE MANGANESE 

PEROXIDE. —Since depolarisation depends upon the re¬ 
moval of hydrogen by the manganese peroxide, it would be 
expected that the effectiveness of the peroxide would depend 
to tome extent upon the si 2 e of the granules. Wherever 
a molecule of hydrogen is deposited upon the carbon there 
should be a particle of peroxide present, to cause its oxida¬ 
tion. Indeed, from this point of view, we should expect 
the most effective arrangement to be a mixture of carbon 
or graphite (as in the dry cells described later), thus forming 
a large composite electrode. 

The importane,e of fineness in the peroxide has been 
demonstrated by an investigation by .). G. Lucas* of the 
British Post Office. Various types of cell were tested as to 
their suitability for Post Office work. In this class of work 
the currents used are generally very small, and conse¬ 
quently the runnin g of cells on a resistance so low aB It) ohms 
is not a suitable test. The resistance of the signalling 
apparatus generally varies from 1,000 to 3,000 ohms, and 
the current required is a small number of milliamperes. 
Thus, the internal resistance of a cell is usually unimportant. 
Moreover, the service required is very intermittent. Thus, 
in England, telephone traffic is most dense between 10 a.m. 
and 12:30 p.m. and between 2 p.m. and 4 p.m., with about 
half the traffic on Saturdays and very little on Sundays. 
Consequently tests were arranged on - the basis of constant 
current for 5J hours-)- for five days per week and 2.J hours 
on the sixth day. The currents used varied from about 
5 to 80 milliamperes. In tests of this kind, jvhere it is 
desired to investigate the effectiveness of depolarisation, 
care must be taken not to overload a cell. The useful life 
was considered to be at an end when the E.M.F. observed 

* Institution of Post Office Electrical Engineers, December, 1910. J 

t A dUcharge for 5 hours per day has been adopted by the Port 
Office. The above periods give an average of 5 hours per day. 
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after the day’s discharge had fallen 33 per cent., or when 
the internal resistance per cell had risen to 3 ohms. The 
limiting E.M.F. was taken as 0-975 volt, or roughly two- 
thirds of the initial E.M.F. of 1-5 volts. 

Fig. 99 shows a test of this kind on two porous pot 
cells (run in series) filled with granularmanganeseperoxide. 



Fio. 99.—Intermittent Teat of two 3-pint Porous Pot Loclanchd Cells 
(Granular Manganese Peroxide), at 19-3 milhamperos. (Lucas.) 

Curve 1 shows E.M.F. after Intervalsof rest ( i.e .. morning readings) 

Curve2 shows E.M F. immediately after 5ihours’discharge(/.«.,eyeningreadings). 
Curve 3 shows E.M.F after placing battery on 4-ohm circuit for one minute (after 
Interval of rest, taken on Mondavsonly). 

Curve 4 is similar to Cui ve 3, but test was made after period of discharge. 

Curve 5 shows mean daily internal resistance as determined by tests before and after 
each discharge.' 

i 

The curves 1, 2, 3, 4 are E.M.F. curves under various condi¬ 
tions, as explained under the diagram, while the other curve 
shows the value of the internal resistance. The term 
" Running Days ” means the days under test (».e., excluding 
Sundays). It will be noticed that the E.M.F. after the daily 
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rest falls more or less persistently for some time, but then 
tends to become constant. On the other hand, the E.M.F. 
after the daily discharge falls persistently. The internal 
resistance evidently does not vary very much if evaporation 
is eliminated. In this case the current was 19 3 milli- 
amperes. The small diagram at the right hand top corner 
$hows the fall of E.M.F. during balf-an-hour's run on the 
194th day of the test, and the corresponding recovery- 
This test (and those shown in insets in other diagrams) 
were obtained by discharging the cells on the day following 
the completion of the main test. For this purpose the cells 
were placed on circuit and the discharge was interrupted at 
i itervals during the 30 minutes’ tun to observe the E.M.F. 

Fig. 100 shows at X how important it is to adjust 
the current to the size of the cell. Here the current is 
41-6 milliamperes and the life 31 days, with an output 
of 6-45 ampere-hours ; whereas in Fig. 99 the current is 
19-3 milliamperes, with a life of about 193 days and an 
output of 18-71 ampere-hours. The output was therefore 
increased, as well as the life, bv the lower rate of discharge. 
The characteristics of the discharge and recovery on the 
32nd day are seen in the inset on the right-hand side. 

If, now, the manganese peroxide is taken out of the 
porous pot after a life test and is exposed to the atmosphere 
for two days and is then replaced, a further discharge can 
be taken ; but it is short, as seen by curves at Y in Fig. 100. 
But if instead of exposing the manganese peroxide to the 
air it is ground up to powder and replaced, a further dis¬ 
charge may then be taken which is not only longer than that 
obtained after air exposure, but much longer than the 
original discharge. This is shown at Z, where the life is 
seen to be about 218, as against the 31 days originally, with 
a rather smaller current. 

The improvement by the use of powdered manganese 
peroxide is naturally found to be still greater in the case of 
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a cell that- is new, instead oi having been subjected to a life 
test. This is shown by curves in Fig. 101, which should be 
compared with the curves in Fig. 100. Here the current is 
45-7 milliamperes, the life 281 days and the output 64 
ampere-hours. With the granular manganese peroxide 
and a current of 410 milliamperes the life was only 31 days 
and the output only 6-45 ampere-hours. It is noticeable, 
however, that the variation of internal resistance is much 
greater with the powdered manganese peroxide, the resis¬ 
tance becoming somewhat high at the end of the test (com- 



Fig. 102. —Curves showing Ampere-hours obtainable with 23 per oent. 
fall in voltage on constant current (for various currents) for 5 
hours per day 0 days per week. (1) With granulated, (2) with 
powdered manganese peroxide. (Lucas.) 

The Curves apply to 3-pint Porous Cells containing the same weight of 
materials. 

pare Figs. 101 and 99). It has been found that the best 
results are obtained when the manganese peroxide will pass 
through a sieve of 50 meshes to the inch, but fails to past 
through one of 60 meshes. This fineness, however, would 
increase the manufacturing cost to a degree which would be 
commercially impracticable. In fact, in a matter of this 
kind the course should be taken which gives the best result 
commercially 

These results are emphasised in a general way by the 
curves in Fig. 102, which show the ampere-hours 
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obtainable from porous-pet cells with granulated and 
powdered manganese peroxide respectively, the weight of 
material being the same, and the conditions of test being 
also the same, as outlined above. 

As the result of manufacturing, some interesting facts 
have come to light and have been described by Maurice 
Sotamon in an article on the Leclanche battery in “ The 
Central.”* Success does not depend merely on rising the 
right quality of manganese peroxide or in the right pro¬ 
portions. The manganese peroxide is mined in the Caucasus 
in a form varying from large lumps down to quite small 
grains. The large lumps, when crushed to grains of about, 
the size of rice, have a crystalline appearance, with sharp 
edges and corners. On the other hand, small grains found 
naturally, of the same size, have a rounded appearance 
without any sharp edges. It is found that if ore of tire same 
quality is taken and of the same sized grain, but the one 
consisting of crushed grains and the other of rounded grains 
found naturally, the latter is quite unsuitable for .making 
high-class batteries. It is also necessary to keep the per¬ 
centage of manganese peroxide and carbon in the mixture 
within certain very narrow limits, the best results being 
obtained with about 80 per cent, of manganese peroxide. 
It is not possible to compensate for a poor quality of man¬ 
ganese peroxide by using a larger proportion in the mixture. 
As regards the size of grain, the smaller the grains the larger 
the surface of the peroxide exposed for giving depolarisation. 
On the other hand, if the grain is very small, good contact 
is not obtained in loosely packed porous pots; looseness 
may result through handling in travelling if suitable pre¬ 
cautions are not taken, in which case the results are bad. 
Consequently, for thr porous-pot type of cell, Mr. Solomon 
expressed a preference in the ar.iele to which we have 
referred for grains of the size of rice, but this opinion has 
* 4 The Central,” Vol. X, p. 77,1913. 
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been somewhat modified towards a smaller size as the result 
of recent advances. 

RET.LS FOR POSTAL WORK.—In 1910 (i.c., before the 
undertaking of the National Telephone Co. was taken over 



Fig. 103.—Intermittent Test of two G-block Agglomerate Block 
(’ells, ftt 40 milliamperes. (Lucas.) 

Curve 1 shows E.M.F. after intervals of rest w.«„ morning readings). 

Curve 2shows E.M.F. immediately after 5i hours’ discharge (i.e ..evening readings). 
Curve 3 shows E.M.F. after placing battery on 4-ohm circuit for one minute (after 
interval of rest, taken on Mondays only). . . , . . 

Curve 4 ls<3imilar to Curve 3, but test was made after period of discharge. 

Curve 5 shows mean daily internal resistance as determined by tests before and after 
each discharge. 


by the Post Office), J. 0. Lucas* stated that the British 
Post Office had in use 105,000 S-pint porous pot Leclanche 
cells as the standard type for signalling and for miscel- 


♦ Loc. cit. 
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laneous purposes at minor and small exchanges; 43,000 
0-b!ock agglomerate block cells, used chiefly for exchange 
operators’ speaking batteries ; 29,000 2-block agglomerate 
cells, used as the speaking -battery in subscribers’ tele¬ 
phones ; 18,000 dry cells (the cases being about 0 in. high 
by 2\ in. diameter) where wet cells were inconvenient; 
11;000 large square dry cells (the cases being about in. 
high by 4 in. square); and 20,500 3-pint bichromate cells, 
generally used at large exchanges. Cells other than of the 
Leclanche type now form an insignificant proportion of the 
whole. In 1913 the estimated total number of wet and dry 
Leclanche cells was 850,000 in use for subscribers’ telephones 
and 250,000 in telegraph offices and telephone exchanges. 

Reference has already been made to Post Office tests of 
porous pot Leclanche cells. Fig. 103 shows a similar 
test by Mr. Lucas on two 0-block agglomerate cells. 
The result obtained was very much better than that with 
the porous pot containing granulated manganese peroxide, 
but not quite so good as with the powdered peroxide. 

Although bichromate cells may be used for supplying 
small currents (two 3-pint cells gave a life of 100 days on 
the above basis when giving 21-3 milliamperes intermit¬ 
tently), this class of cell is more suitable for supplying 
relatively heavy currents, and its output increases as the 
current becomes larger. 

Tests of dry cells will be given in a later chapter. 

POST OFFICE SPECIFICATIONS.- The 3ritish Post 
Office makes a practice of manufacturing a certain propor¬ 
tion of the cells required for telegraphic and telephonic 
purposes, and also purchases large quantities of cells. Con¬ 
sequently specifications are issued for both materials and 
finished cells as follows :— 

Manganese Ore .—To be of such fineness that it will pass 
through a standard sieve having 40 meshes to I in., but to 

«2 
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remain on a standard sieve having 60 meshes to 1 in. To 
contain not less than 84 per cent, of peroxide, the percentage 
being determined on a sample which has been dried at 
"212°F. until the weight is constant. Any loss of weight in 
drying in excess of 1J per cent, to be deducted in deter¬ 
mining the weight to be paid for. 

Ammonium Chloride .—The loss on drying at 212°F. mftst 
not exceed 2 per cent. The oxide of iron and other im¬ 
purities must not exceed 0-15 per cent., and the residue after 
sublimation must not exceed (M per cent. 

Zinc Rods .—The zinc from which the rods are made must 
not contain more than 0-25 per cent, of iron, not more than 
0-5 per cent, of lead, nor more than i per cent, total of 
impurities (excluding mercury). The zinc must be either 
pressed or rolled to a density of not less than 7-2 at 60°F. 
There must be thorough amalgamation with pure mercury, 
and the finished zincs must contact not less than 2-5 p»r 
cent, of mercury. 

Porous Pots .—To be of China clay, and so fired as to have 
a resistance not exceeding 0-5 ohm when tested as described 
below. Dimensions to be as given in the following para¬ 
graph. After delivery those pots which are to be tested are 
prepared by soaking in dilute sulphuric acid (one volume of 
acid, specific gravity 1-84, to 10 volumes of water) for 72 
hours at a temperature of about 60°F. Each pot tested is 
taken from the soaking trough and placed in the zinc 
division of a Daniell battery ; the pot is then filled to within 
2 in. of the top with dilute sulphuric acid as above, the zinc 
of the battery is placed in the pot, and the resistance is 
measured by the “ half deflection method,” first with the 
pot in position and then again after the pot has been 
removed. 

Porous Cells (*.«., porous pots charged complete).—The 
porous pot must be in accordance with the preceding para- 
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graph. The main part of the specification, as issued in 
in October, 1914, is as follows :— 

The dimensions of the porous pot specified in the table below to bo 
strictly followed. The outer dimensions to be in reasonable agreement 
with the pattern, which will be lent to the contractor for his guidance in 
manufacture. 


Size. 

No. 0. 

No. 1. 

No. 2 a. 

No. 2 a 
oval. 


Inches. 1 

Inches. 

Inches. 

Inches. 

Internal diameter. 


2f 

4 


Depth inside . 

b; 

68 

5 

5 

Major axis, external (maximum)... 




2{ 

Minor axis, external (maximum)... 




U 

Maximum overall height of com¬ 
pleted porous cells. 

9 

9 

7 

7 


The rim of each porous pot to be coated for & in. inside and outsido 
with a mixture of ozokerit and pitch, or other specifically approved com¬ 
pound, to prevent creeping. 

Each porous cell to contain a carbon rod of suitable size for tho oell 
concerned, the rod to be provided with a metal terminal of approved 
material and design. The cell to bo efficiently sealed and ventilated, but 
any tube used for the purpose must not project above the sealing com¬ 
pound. 

The depolarising mixture of manganese dioxide and carbon surrounding 
the carbon rod to be in powder form, of high grade quality, and to be well 
packed. The mixture to be moistened with a dilute solution of hydro¬ 
chloric acid (strength an ounce of acid to a gallon of water). 

E.M.F .—The initial open circuit voltage of a complete cell, consisting 
of rod zinc in a 15 per oent. (by weight) solution of sal-ammoniac and a 
porous cell, to be not less than 1*5 volts. 

Resistance .—After 12 hours soaking in the sal-ammoniao solution the 
resistance to be within the limits given in the following table :— 


Size of cell. 

[ No. 0. 

No. 1. 

No. 2a. 

No. 2a oval. 







15 per cent. 

15 per cent. 

§ 

s. 

o 

<N 

20 per oent. 



Polarisation .—The polarisation will be ascertained by shunting the cell 
with 2 ohms for 10 minutes, and then taking the E.M.F. immediately 


•Tested with two Zincs, Rod, Lee lane h£ No. 1, for No. 0 cell)*—one 
for other oells. 
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after tho shunt oircuit is broken. Tho difference between this voltage 
and the open circuit voltage, expressed as a percentage of the latter, will 
bo regarded as a me as j re of the polarisation. 

Output .—Of the cells delivered, 2 j;cr oent. drawn at random, will be 
tested for “ electrical behaviour ” in a 15 per cent, salammoniac solution 
with a rod zinc (or two in the case of Laclanch*■ No. 0 size) discharging at 
the current value, as shown in the table below fur average periods of five 
hours per day for six days per week, until the E.M.F. of the cell falls«to 
0*975 volt. The voltage of tho cell will be measured on open circuit 
immediately after disconnection. The rod zinc and excitant will be 
renowed as their condition demands during the test. 

The minimum output per coll which under these conditions will lie 
considered satisfactory for each of the respective sizes of cell will be as 
follows :— 


Size of coll. 

Testing discharge current 
in milliampores. 

Output (minimum) in 
watt-hours. 

No 0 . 

100 

150 

No. 1 . 

50 

50 

No. 2 a. 

20 

20 

No. 2i oval. 

20 

20 


The cells to be constructed in other respects to the satisfaction of the 
Engineor-in-Chief to the Post Office or his representative, especially as 
regards suitability of the colls for six months' storage without appreciable 
local action or deterioration. Six cells of the typo which the contractor 
proposes to supply should be submitted with the tender. 

In the case of finely powdered mixtures it is desirable to 
add moisture. This permits the mixture to be rammed 
down more firmly. Water and weak solutions of ammo¬ 
nium chloride and of hydrochloric acid were tried for this 
purpose. The last named was found to be the most satis¬ 
factory, amd it facilitates the absorption of the electrolyte 
when the cell is set to work. 

Figs. 104-106, which have been supplied to the Author 
by Messrs. Siemens Brothers & Co., show the results 
obtained on testing Siemens cells made up to the Post 
Office specification, and tested intermittently as above 
described. 
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0 « 80 120 160 200 240 280 3g 360 fib to 


Days. 

Fia 104._Discharge Curves of Siemens No. 0 Porous Pot Leelanchd 

Coll, made according to tlio Post Offico specification. 

Intermittent test at 100 m.a. for 5 hours per day. 



0 40 ao 120 160 200 240 280 320 360 M0 


Days. 

Fie. 105._Discharge Curvos of Siemens No. 1 Porous Pot»LeclancM 

Cell, made according to the Post Offrc specification. 

Intermittent discharge at 50 m.a. for 5 hours per day. 

type of zinc that Is sometimes used by the British Post 
Office is shown in Fig. 107. It is cylindrical in form, and is 
susper.de 1 from the rim of the jar by a hooked projection. 
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Flo. 106.-— Discharge Curves of Siemens No. 2a Porous Pot LoclancM 
Cell, made according to the Post Office Specification. 
Intermittent discharge at 20 m.a. for 5 hours per dajr. 



The shape is out so as to give a much reduced surface on the 
side remote from the suspending hook, it being found that 
electrolytic solution takas place more on the side where the 
current is collected. 
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DETAILS OF LECLA.NCHE CELLS.—When evaporation 
"f a salt takes place in a glass vessel, crystals form on the 
vessel near the surface of the solution ; and since these are 
maintained more or less moist by capillary attraction of 
the liquid, the crystals grow upwards and finally grow over 
the top of the vessel. This “ creeping ” as it is termed, is 
abided in Leclanehe cells by dipping the tops of the glass 
pots into ozokerite or paraffin w r ax. 

The carbon plates are made of retort carbon and were at 
one time generally provided with a head of lead, cast on 



Fid- 108.-—Carbon Plate with Lead Cap Corroded by the Electrolyte. 

the top, which carried the terminal and made good contact 
with the carbon plate. It was found, however, that the 
lead was liable to be attacked by the salt and .converted 
into chloride, rendering it useless. A specimen of this 
kind is seen in Fig. 108. 

The carbon plate and head are now almost invariably 
made from a single piece of carbon, the terminal being fixed 
directly into it. Siemens Brothers & Co. simply screw the 
terminal into the head of the carbon, as seen in Fig. 109, the, 
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top of the carbon being thoroughly paraffined. Or the 
terminal screw is fixed by running in a readily fusible alloy. 
Another method, which is employed by Le Carbone for 
attaching the terminal, is also shown in Fig. 109. It is good 
both mechanically and electrically, but the lower part is 
exposed. The terminal screw passes down a vertical hole 
in the carbon into a slot cut through the head, and is held 
in position by a nut in the slot and also by a nut above. 

It is usualno w, instead of cutting plates o ut of reto rt carbon, 
which is expensive, to grind up the carbon, mix it with tar and 



(a) Siemens. (1) Le Carbone. 

Fig. 109.—Carbon Head and Terminal. 


mould it under pressure to the required shape. The carbons 
so made are slowly brought up to a red heat in retorts, and 
are maintained at that temperature for some hours. 

In order* to prevent the capillary attraction of the elec¬ 
tro lyte up the carbon plate, and consequent creeping of the 
salt, the heads are coated with black varnish. 

SPECIAL EXCITING SALTS FOB LECLANOHE CELLS. 

It is often observed that the zinc rod in a Leclanche 
cell ia covered with crystals, and that the rod is 
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attacked more rapidly near the surface of the elec¬ 
trolyte than anywhere else, with the result that it is 
liable to drop off before it has been completely utilised. 
These crystals, which consist of a double chloride of zinc 
and ammonium, are avoided if the solution is not too 
strong—for example, 3oz. to the pint of water. The 
CQfrosion at the surface of the solution, however, is not 
readily avoided, as it is due to the presence of oxygen in 
the electrolyte and consequent oxidation. There is also 
a tendency for the zinc to be eaten away in the form of a 
cone, the smallest amount of corrosion taking place at the 
bottom. This may be partly due to the solution becoming 
denser at the bottom of the cell than at the top, owing to 
the, formation of chloride which falls to the bottom. A 
" concentration cell ” is thus formed (see p. 110), and local 
action sets in, the zinc being diisolved where the solution 
is more dilute, i,e., near the top. 

A number of salts are now on the market for which it 
is claimed that they do not crystallise, and that they causo 
the zinc to be consumed uniformly. The method of pre¬ 
paration of these salts is a trade secret. An analysis by 
0. T. Moody of the salt supplied by Leclanehe et Cic. gave 
the following result :*— 

Zinc chlorite. 

Ammonium chloride . 7.. H1 

Moisture given off at 150°C... d'ld 

Sodium sulphate . ^48 

Moisture given off above 150 V., and impurities 0-8 

10000 

The tendency to creep was found to bo more marked than 
in the case of ammonium chloride, and the solubility as 
compared with ammonium chloride was 1-3C : 1. As the 
salt is not deliquescent it appears to be a mixture of the 
double chloride, ZnCl,.2NH t Cl, with ammonium chloride. 

* Ayrton’s “ Practical Electricity.” 
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“ Salectron,” made by the General Electric Co.; “ Sie- 
brosal,” by Siemens Brothers & Co.; and “ Voltoids,” 
supplied by F. S. Bayley, Clanahan & Co., may also be 
mentioned. 

Beyond a slight improvement in the uniformity with 
which the zinc is consumed, the Author has not found any 
great advantages over ammonium chloride in the use cf 
special salts. Their non-deliquescent nature seems rather 
a matter of degree. 

The zincs are generally ama’gamated on the surface, but 
zinc amalgam is sometimes used throughout, as in tha “ Non- 
Incrusting Zincs,” made by Siemens Brothers & Co., so as 
to maintain an amalgamated surface, on which incrustation 
takes place less readily than on zinc alone. Zinc rods are 
also sometimes made of larger cross-section about the centre 
than at the ends (for example, by British Insulated & 
Helsby Cables, Ltd., and by Siemens Brothers & Co.), so 
as to allow for the greater corrosion that takes place near 
the surface of the electrolyte. 

AMALGAMATED ALUMINIUM. —11 has been pointed 
out by A. J. Paine * that although plain aluminium gives 
poor results os an electro-positive metal in a cell, its pro¬ 
perties are much improved by amalgamation. In fact, 
amalgamation raises the E.M.F. by about | volt. This 
is an effect which is not easy to understand. Soft alumi¬ 
nium is preferable to that which is hard-rolled. 


• The Electrician, Vol. LXXI1,, p. 2«8,1913. 
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TWO-FLUID CELLS. 

n<iniell (VII, p 236 — MmottoV Oil, p 239. — Gravity T)anidl (VIls, 
p. 241.—('allatidV Gravity (tell, p 242.—Meidinyer'K Gravity (tell, 
p. 243.—Kelvin's Tray jpittvi v. p. 244,—(Jrove Oil, p 240.—ltunren 
Coll, p. 247.—Two-Fluid llicliromate Coils, p 250.—Bleoek-Lovo 
('oil, p. 250.—Decker (loll. p. 255—Hyposulphite as an Excitant, 
p. 255. 

THE DAKIELL CELL. — 1 The principle of this cell and' 
the reactions occurring in it have already been explained 
in Chapter 111., and therefore do not require further 
discussion. 



Fio. 110.—Daniel! OIL 


The usual form of Daniell cell is shown in Fig. 110. It 
consists of an outer glass jar containing a porous pot of 
uuglazed earthenware in which is placed the zinc plate or 
rod. Outskje the porous pot is a cylindrical sheet of copper 
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forming the electro-negative plate. The outer jar is filled 
with a strong solution of copper sulphate, and the porous 
pot with dilute sulphuric acid or a solution of zinc sulphate. 

The E.M.F. of n I taniell cell varies from about T07 to 
1T4 volts, the value depending chiefly upon the density 
of the solutions. The E.M.F. is increased by increasing 
the density of the copper sulphate, but is diminished by 
increasing that of the zinc sulphate. 

The area of the copper plate is of some importance. 
The greater the area the more effective is the depolarisa¬ 
tion, because there are fewer polarising ions per unit area 
to be removed in a given time. It therefore follows that 
the form of cell shown in Fig. 110 is preferable to the older 
form, in which the size of the copper plate was reduced by 
placing it inside the porous pot, the zinc plate being outside. 

The depolarising action falls off if the copper sulphate 
solution becomes weakened. For this reason, if the cell is 
required to give a moderate current for a long time, it is 
better to fill the outer jar with copper sulphate crystals 
as well as with solution, the crystals being packed more 
particularly between the copper plate and the porous pot, 
as it is in this part that the solution becomes deprived of 
the copper salt. The objection to placing crystals in this 
position is that the internal resistance of the cell is 
increased; but there is a gain in constancy. In some cells, 
like the one shown in the illustration, the copper plate is 
made very little larger than the porous pot so as to 
diminish the interna! resistance In such cells the crystals 
have to he packed outside the copper plate and, therefore, 
do not affect the internal resistance, but the strength of 
the copper sulphate solution is not so well maintained 
because it must depend to a much larger extent upon 
diffusion. If, on the other hand, a cell is required to give 
a heavy current, nothing is gained by adding crystals, 
because they do not dissolve rapidly enough to be of value; 
and if placed between the copper plate and tlje porous pot 
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they only serve to increase the internal resistance and 
diminish the available solution. 

The effect produced by the addition of crystals is shown 
by the curves in Fig. Ill, which refer to the discharge ot 
quart-size Daniell cells placed on a circuit of a quarter of 
an ohm. Curve A shows the result obtained when a 
concentrated solution of copper sulphate is used; curve H 
refers to the same cell when packed with crystals. Ihe 
current is seen to be too heavy to remain constant until 
after it has fallen to half an ampere, and nothing is gained 
by adding the crystals. The cell in question continued to 
give about half an ampere for CO hours. If the current 
required were only a quarter of an ampere it might be 
advantageous to add crystals to the solution. 

A convenient strength for the sulphuric acid is obtained 
by mixing one volume ol the concentrated acid with 
10 volumes of water. In place of sulphuric acid, a solution 
of zinc sulphate may be employed, and has the advantage 
that amalgamation is then unnecessary to prevent local 
action. There is, however, the disadvantage that tho 
internal resistance is higher, but much greater constancy 
is obtained, and the strength of the zinc sulphate solution 
may be so chosen that any falling off in E.M.F. due to 
polarisation is for a long time counterbalanced by the 
decrease of internal resistance due to the increasing 
conductivity of the zinc sulphate as the zinc passes into 
solution. This is shown in Fig. Ill, where curve C refer* 
to a cell in which the zinc sulphate solution was made 
up by dissolving 11b. in a pint of water; a solution of 
one-eighth the strength gave a discharge curve similar to 
C, but about 01 ampere below it. There appears to 1* a 
further disadvantage in the use of zinc sulphate, viz., the 
output of the cell is diminished. 

In the Daniell cell the porous pot is a source of trouble, 
m it is in all two-fluid cells. Such a cell cannot be left 
standing for long periods of disuse, because diffusion takes 
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place, and the copper 
sulphate slowly pene¬ 
trates to the zinc plate 
oil which it deposits the 
copper either as metal 
or oxide, giving rise to 
local action. Thera is 
also trouble on account 
of a transference of the 
electrolyte, known by 
the name of electric 
osmosis, when a cell is 
giving current. Tor ex¬ 
ample, the sulphuric 
acid (or zinc sulphate) 
is forced through the 
pores of the porous pot 
into the other compart¬ 
ment, even though the 
level of the electrolyte 
in the latter may be 
much higher than that 
of the sulphuric acid. 
There is also a risk of 
porous pots cracking if 
they are not in use ami 
are allowed to dry,owing 
to the crystallisation of 
metallic salts in the 
pores. 

A form of cell which 
is designed to avoid the 
diffusion of the copper 
sulphate, and is due to 
Siemens and Halske, is 
«hown in fig. 112. The 
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porous pot is in the form of a cap with a glass tube 
cemented into it, as indicated by the dotted lines in the 
figure. This cup is surrounded by a diaphragm of paper 
pulp, which supports the positive plate in the form of a 
ring of zinc. The porous pot is filled with crystals of 
copper sulphate and water, the outer vessel being charged 
with dilute sulphuric acid. It is stated that these cells can 
be used for long periods, the only maintenance that is 
required being an occasional addition of water to the outer 
jar to compensate for evaporation. This particular form 



Fia. 112.—Daniell Cell, by Siemens and Halske. 

of construction has the disadvantage that the surface of 
the copper is small, and as the distance between the copper 
and zinc is considerable, the internal resistance is high 
viz., from 10 to 15 ohms. ' 

MWOTTO’S CELL. —In Minotto’s modification of the 
Daniell cell the porous pot is replaced by a layer of sand 
or sawdust, and since any diffusion must lake place 
vertically, trouble due to osmosis is avoided. The copper 
plate is plated at the bottom of the jar, and lias a gutta 

K 
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pereha-covered copper wire, A, attached to it, which forms 
the positive terminal, as shown in Fig. 113. This insulation 
guards against accidental contact with the zinc plate and 
also prevents local action. Upon the copper plate is 
placed a layer, B, of copper sulphate crystals, and above 
this, but separated from it by a disc of cloth, is a layer, C, 
of sand or sawdust. Upon the latter is placed a second 
piece of cloth or canvas, and finally the disc of zinc 1 !). 
The cell is set in action by filling the jar with a solution of 
zinc sulphate, care being taken that this does not reach the 
brass terminal If the cell is required for immediate use, 



Flo. 113.—Minotto'a Cell. 


the sand or sawdust should be moistened with zinc 
sulphate before it is placed in position in the jar; other¬ 
wise the solution may take some time to reach the copper 
• plate and to form a continuous circuit. Water is sometimes 
used instead of zinc sulphate; but, in starting, this gives 
a very high internal resistance which is diminished only 
when the copper sulphate diffuses up to the zinc sulphate, 
•zinc sulphate being then formed on account of copper 
being deposited upon the zinc. 

The Minotto cell has a high internal resistance (Stem 
10 to 20 ohnu)i>hut, on account of its simplicity and the 
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small attention which it requires, it is well suited to certain 
classes of work. 

GRAVITY DANIELL CELLS—If crystals of copper 
sulphate are placed at the bottom of a beaker of water 
it will be noticed that the salt diffuses very slowly into 
the upper layers of the water, being restrained by the 
force of gravity. Therefore, if the sawdust ami cloth 
partitions were removed from a Minotto cell, we should 
expect the zinc sulphate solution to be coloured with 
copper sulphate near the crystals but to remain clear and 
free from copper sulphate near the zinc. We should then 
have what is known as a “ Gravity Dauiull,’’ in which no 



Fia. 114.—Gravity Daniell Cell 

porous pot is used, and the separation is due simply to 
the density of the copper sulphate. Such a cell is shown 
in Fig. 114. Connection with the copper plute is made by 
means of a gutta percha-covered wire, as in the Minotto 
cell, the plate being covered with a layer of copper 
sulphate crystals. The zinc is supported by the^wooden 
cover of the jar. The objection to this form of cell is that 
it is not very portable, because shaking will, of course, 
increase the diffusion of the copper sulphate. In any 
case diffusion will take place until the copper sulphate 
reaches the zinc if the cell is out of use for any length 
of time; but when the cell is supplying a current the 
copper is deposited instead of diffusing towards the zine. 
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When, therefore, such a cell is not in use, it is better to 
allow it to generate a small current continuously or to 
dismantle it. 

There are many special forms of gravity cell, among 
which may be mentioned Callaud’s cell, Meidinger’s cell, 
Lockwood’s cell, and Thomson’s (Kelvin’s) tray battery, 
which is largely used in submarine telegraphy. The two 
former and the last will be described in detail. 

OALLAUD’S GRAVITY CELL.—As shown in Fig. 115, 

the zinc in this cell is in the form of a cylindrical ring, Z, 
suspended from the rim of the jar by means of three copper 



Flo. 116.— Callaud’s Gravity Cell. 


hooks. The negative plate is a cylindrical ring of sheet 
copper as seen at C, connection being made by a gutta 
percha-covered wire. The particular cell of which the 
illustration is given is intended to be used in series with a 
number,of others. The terminal of the copper plate is 
therefore riveted and soldered to the zinc ring, the copper 
ring there shown really forming part of the next cell in 
the series. 

The cell is charged by filling the jar with copper sulphate 
crystals until the copper plate is covered, and then adding 
a dilute solution of zinc sulphate until it nearly reaches to 
the top of the zinc. < 
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HEDDINOER'S GRAVITY CELL.— Various attempts 
have been made to diminish the diffusion of the copper 
sulphate in gravity cells and to render them more portable. 
In Meidinger’s cell, of which Pig. 116 is a section, the 
copper sulphate crystals are contained in an inverted 
balloon-shaped flask, A, which is closed by a cork through 
wlich there passes a glass tube, It. The copper sulphate 
diffuses through this tube, maintaining the strength of 
the solution in the neighbourhood of the copper plate 
C. The terminal wire of the copper plate is insulated with 



Fra. 116.—Meidinger’B Gravity Cell. 


gutta percha. The zinc plate Z is of larger diameter than 
the copper plate, and rests upon an enlargement ot the 
glass jar at a higher level than the copper. The outer jar 
is charged with a weak solution of niaguesiuuj sulphate 
(one part of the salt to four or five parts of water by 
, weight). The flask is filled with copper sulphate crystals 
and water, and after the cork and its tube have beer- 
inserted, it is placed in position. Since the plates are close 
together, the internal resistance is comparatively low, 
varying from 2 to 6 ohms, but the depolarisation is not very 
effective owfng to the small size of the copper plate. t 
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KELVIN’S (THOMSON’S) TEAT BATTERY.—In this 
battery the solution is contained in a wooden tray lined 
with lead, and having inclined sides : the size of the tray 
is generally 18in. square and 4Jin. deep. The lead is 
brought over the edges and at each comer is carried down 
under the tray, as shown at L in Fig. 117. A strip of 
sheet copper, about lin. in width, is soldered at one encKo 
the centre of the lead lining. In preparing the tray for 
use, a coating of varnish or paint is applied all over the 
lead on the inside, so as to prevent it from being acted 
on voltaieally, but the copper strip is left clean. When 



dry, a thin copper sheet, varnished on the under side and 
pierced by a slit in the centre to allow the copper strip to 
pass through, may be placed in the bottom of the tray, and 
the copper strip bent down and sprung so that it makes 
good contact with the plate. The more usual method at 
prepent, however, is to spread a sheet of Dutch-metal foil 
over the bottom while the paint is still wet, the copper 
strip being brought through and pressed down on to the 
upper surface, as seen in Fig. 117, where C is copper, D is 
Dutch metal, and L is lead. In the tray are placed four 
porcelain supports, P, on which rests the zinc ;,the latter is 
seen at Z in Fig. 118, and is in the form of a heavy grid. The 
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cell is really a gravity cell; but as the space between the 
plates is small the zinc is protected underneath and round 
the sides by parchment paper (not shown in the figure) 
which is tied round it so as to form what amounts to a 
porous pot separating it from the copper sulphate. It will 
be noticed that the zinc has upwardly projecting corners, 
F f 4vhich rise above the level of the tray. It is thus easy 
to put a number of trays in series by standing one on top 
of another, up to ten oells, the lead under the corners of 
each tray resting on the comers of the zinc of the cell 


r. z .* 



Flo. 118. 


beneath. If a copper sheet is used there is a fall surface 
of copper to start with, and the cell will be ready for action 
if zinc sulphate solution is poured into the parchment cell, 
and copper sulphate and crystals are placed in the tray. 
But if Dutch metal is used as above described, the surface 
of copper is small, and therefore it is usual to fill both 
compartments to the same level with water, add copper 
sulphate crystals to the tray, and short-eircuit the cell for 
a night or so. By this means zinc sulphate is gradually 
formed, in the neighbourhood Of the. zinc and copper is 
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deposited over the surface of the Dutch metal. When the 
cell is in circuit, there is a continual deposition of copper; 
but if the sheet becomes inconveniently thick it is easily 
stripped from the lead owing to the layer of paint separating 
this from the Dutch-metal. When the battery is in use 
some of the zinc sulphate solution should be removed daily 
and be replaced by water so that the specific gravity is kept 
at about 1'24: this should not be less than 112, nor greater 
than T3. If the zinc sulphate ie not kept sufficiently 
dilute, crystals accumulate round the edge. The strength 
of the copper sulphate should be maintained by adding 
crystals from time to time. When a battery is not in use 
it should be allowed to generate sufficient current to 
prevent diffusion of the copper sulphate to the zinc. 

Owing to the construction of this battery, the internal 
resistance is low. At one time it was largely used for working 
syphon recorders, but it has now been generally superseded 
by accumulators, which have the advantage of lower internal 
resistance and give less trouble. 

THE GROVE CELL.—The depolarisation in this cell, a.v 
already explained in Chapter III,, depends upon the 
oxidising power of nitric acid. A very usual form of Grove 
cell is shown in Fig. 119. The outer jar is rectangular in 
shape, and contains a zinc plate, Z, in the form of a U, the 
space between the upright parts being sufficient to allow a 
narrow porous pot, P, containing the platinum sheet (not 
shown in the figure) and nitric acid to be placed between 
them. The outer jar is filled with dilute sulphuric acid. A 
very compact form of cell is obtained by this construction. 
The E.M.F. varies from T9 to 2 volts. Since the internal 
resistance is low and the depolarisation is good, relatively 
large currents can be generated - In Fig, 121, the discharge 
curve marked A was obtained from a cell of this description, 
the size of the outer jar being 4|in. by 2f in. and 5|in. high. 

>The form of zinc used in the cell described above is good 
as regards diminution of internal resistance,. but it is 
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inconvenient for amalgamation, because the inner parts are 
not very accessible. On that account a cylindrical form 
of cell is preferable. For the sake of ease in re-amalga- 
mating, zincs should always be made as open as possible. 
For the same reason the zinc used in the cell shown in 
Fig. llOisnot very suitable, because it is made in the form 
Of! hollow cylinder of small diameter, the interior of which 
is not easily cleaned. 



Fio. 119.-Grove Celt 


An objection to the use of nitric acid as a depolansor 
arises from the fact that its reduction results in objec¬ 
tionable corrosive fumes owing to evolution of nitric oxide, 
which oxidises in the air to the red nitrogen peroxide. 
Such cells should therefore be worked in positions where 
the fumes are easily carried away, and not in closed rooms. 


THE BUNBEN CELL—This cell is the same as the 
Grove cell, except that carbon is used in place of platinum. 
The construction, however, is somewhat different to that of 
the Grove cell which has just been described, because 
carbons are jnore easily made in the form of rods and are, of 
course, more bulky than the platinum sheet. A common 
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form is illustrated in Fig. 120. Here the sine is cylindrical 
and-is amalgamated without much difficulty on the inside, 
where the corrosion takes place. 

The porous pot in a cell of this kind should be as large 
as possible, because the capacity depends chiefly upon the 
power of depolarisation—that is, upon the amount of 
nitric acid. The use of carbon in place of platinum is iftft 
attended with any appreciable disadvantage, as the E.M.F., 
is practically the same, and there is, of course, the advan¬ 
tage that the cell is much cheaper in first cost. 



Fra. 120.—Bunsen Oell. 


In the usual form of cell, however, there is trouble from 
corrosion of connections; and carbons do not last inde¬ 
finitely like platinum, which apparently does not deteriorate 
if it is occasionally heated to dull redness to prevent it from 
becoming brittle. 

In Fig. 121 is given a discharge curvet B, obtained from 
a quart-size Bunsen cell discharging through a circuit 
of half an Ohm; ■ The curve obtained by substituting 
platinum for the carbon-(giving a Grove oell), with the same 
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quantity of nitric acid, 
is very similar. It will 
be noticed, by compar¬ 
ison with the curves in 
Fig. Ill, that a Bunsen 
cell is capable of giving 
a much heavier dis¬ 
charge than a Daniell 
cell of equal size, and it 
lias the further advan¬ 
tage that the E.M.F. is 
almost twice as great. 
On that account the 
resistance used in ob¬ 
taining the curves in Fig. 
121 was made double 
that employed for the 
discharges in Fig. 111 in 
order that the results 
might be more com¬ 
parable, one Bunsen cell 
being roughly equi valent 
to two Daniell cells in 
series. 

A number of modifi¬ 
cations have been sug¬ 
gested in order to 
avoid the objectionable 
fumes arising from the 
nitric acid. The sub¬ 
stitution of a nitrate for 
the acid renders the cell 
useless, as the depolari¬ 
sation, is very feeble. A 
mixture of a nitrate and 
sulphuric acid is some- 
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times recommended; but the E.M.F. is much reduced 
and the discharge is unsatisfactory if a heavy current is 
required. ,T. W. Swan* has proposed the following non- 
fuming solution as giving a result nearly equal to that of 
nitric acid 

Nitric Acid (density 1-42). 1 part by weight 

Chromic Acid . 3 parts „ * 

Sulphuric Acid . (> „ „ 

Water. 5 „ „ 

According to the Author's experience the above quantity 
of chromic acid is more than can be held in solution. 

Iron has also been suggested as a substitute for platinum 
in the Grove cell, or for the carbon in the Bunsen cell. 
Owing to the passive state which it assumes when placed 
in concentrated nitric acid it does not dissolve, but since 
it is attacked with evolution of corrosive fumes when the 
acid becomes weak, it is not very suitable for the purpose. 

TWO-FLUID BICHROMATE CELLS.—These cells weie 
discussed in Chapter VIII. in connection with one-fluid 
bichromate cells, and therefore do not require further 
notice in the present chapter; but some special two-fluid 
cells have been developed in which bichromate enters as 
the depolariser, and two of these are described in the follow¬ 
ing pages. 

THE BLBBOKLOVE CELL.—This cell, which is due to 
Mr. W. A. F. Bleer.k, of Brisbane, and Prof. T. R. Lyle, 
of Melbourne, is of more than usual interest because its 
E.M.F. ijs higher than that of any other primary cell, 
except the zinc/lead-peroxide type. The construction is 
shown in Figs. 122 and 123. A cylindrical carbon, C,is sus¬ 
pended in a glass jar by a carbon ring, A. This ring also 
carries a cylindrical porous pot, P, which is provided with a 
wooden oover, B, carrying a cylindrical zinc, Z. The 
* B. A Report, 1889, p. 512 
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porous pot is glazed down to a point, D, but is porous below 
that level, and is, of course, closed at the bottom. The 



Fig. 122.—Bleeck-Love Primery Cell. 


electrolyte consists of a chromic acid depolarising solution 
in the glass jar and a caustic soda excitant solution in the 
porous pot, and it will be noticed that the level of tbe latter 



Fid. 123.—Section o( Bleeok-Lore Cel 


stands at a considerably higher level than the chromic 
solution. The acid sotutwn is sold already prepared along 
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with tinB of caustic “ crystals ” for making up the alkaline 
solution to the required strength. 

According to the patent specification * the depolarising 
liquid consists of a mixture of hydrochloric and chromic 
acids with ferrous or nickel sulphate, or both. It may be 
prepared by taking the following proportions 


Hydrochloric acid (commercial) . 5 flui<J os. 

Water. 15 oz. 

Ferrous or niekelous sulphate. 1 oz. 


Chromic acid (commercial, added to the above solution) 8 oz. 

The excitant is made by adding 1 oz. of gum arabic solu¬ 
tion of M2 sp. gr. to 10 oz. of water and then adding 5 oz. 
of commercial caustic soda. The object of the gum arabic 
is to retard the diffusion of the excitant through the porous 
pot. 

The E.M.F 1 . is about 2-5 volts, and this high value is due 
to the fact that the cell is a Becquerel cell with zinc instead 
of a neutral element for the electro-positive plate. 

The question naturally arises whether the E.M.F. of the 
Becquerel portion of the combination will be maintained 
when the cell is in use. Experiment shows that this part 
of the E.M.F. is maintained for a long period. The caustic 
soda being at the higher level there is a slow flow into the 
bichromate department. On the other hand, it is notice¬ 
able that some bichromate finds its way into the caustic 
solution and is reduced by the zinc, giving rise to the familiar 
green colour due to reduction within the porous pot. 

Upon replacing the zinc by a carbon plate it is found that 
the E.M.F. due to the junction of the two solutions is 
0-85 volt when the cell is first set up. What may, therefore, 
be regarded as the true voltaic part of the E.M.F. amounts 
to 1-65 volts. 

Some tests made by the author upon a cell having a 
glass jar 6^ in. high by in. square gave results shown 


• British Meats, Hot. 6,i»7 of 1908 sad 18,194 oi 1909. 
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in Fig. 124. Curve A shows the discharge through a resis¬ 
tance of about 0-97 ohm. There is a considerable drop in 
the current during the first three hours, from which it would 
seem that this size is better suited to a lower discharge rate 
if a reasonably constant current is desired. For this reason 
another discharge was run with a new porous pot, the ex¬ 
ternal resistance being raised to about 1-4 ohms. Curve B 



Fig. 124. —Discharge Curves of Bleeck-Love Cell on constant 
external resistance. 


shows the result, the current being steadier. At the end 
of the discharge the porous pot was put to soak in water 
for the night and the cell was recharged the next morning. 
The resulting discharge on the same resistance, as seen by 
Curve C, was much more steady. The cell was then left on 
circuit for 2|days, during whioh time the current and P.D. 
fell as shown in the right-hand part of the diagram. It was 
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noticeable that the E.M.F. immediately on opening circuit 
always showed a high value, as seen by the curve for E.M.F. 
It must, therefore, be concluded that the fall in current is 
not due to polarisation (contrary to what might be antici¬ 
pated, as it might be thought that the Becquerel part of the 
E.M.F. would fall off), but to increasing internal resistance. 
The porous pots,the porosity of which is very fine, appear to 
increase rapidly in resistance, and a more constant res’illt 
is obtained after this increase has taken place. Soaking 
the porous pot in water after discharge reduces the resis¬ 
tance to some extent, and when a little time has been given 
for the absorbed water to be displaced by the solutions a 
fairly constant discharge is obtained for Borne hours, as 
shown by Curve C. It is noticeable that the bichromate is 
not in an exhausted condition at the end of a prolonged 
discharge, such as that here described. 

The cell appears to have been used to some extent in 
Australia in small central battery exchanges for telephonic 
work and for purposes where other sources of electrical 
energy were not available. For giving considerable con¬ 
stant currents for short periods the cell does not seem so 
suited as some of the simpler varieties of primary cell. Also 
the'porous pot requires careful soaking after use owing to 
the presence of caustic solutions, and on this account dilute 
sulphuric acid would probably be preferable to water for 
the elimination of the caustic soda after some preliminary 
washing. The resulting salt in the pores could then be 
washed out fairly easily by further soaking. On the other 
hand, the use of a caustic solution is an advantage in pre¬ 
venting focal action, which is an invariable trouble with 
acid electrolytes, more particularly with bichromate, 
because reduction of the depolariser is a necessary accom¬ 
paniment of local action, and there is,therefore, a double loss. 

'A similar type of cell, using nitric acid and caustic soda, 
was described" by E. G. P. Bousfield* in 1904. 

’ •••The Etcctro-Chemiat,” Vol. 3, i>. 730, 1904. 
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THB DBOKEB CELL.—This cell, which is due to F. A. 
Decker, of Philadelphia (U.S.A.), has been described by 
F. B. Crocker.* The electrolyte consists of dilute sul¬ 
phuric acid in porous pots containing zinc plates, and a 
mixture of sodium bichromate and sulphuric acid surround¬ 
ing the porous pots, the other plates being carbon. The 
special features of the cell are concerned with the porous 
potS and carbon plates and with the manipulation of the 
electrolytes. The porous pots are built up from earthen¬ 
ware plates, having ribs on one side to strengthen them and 
thickened edges. These plates are united to form a flat 
cup, the ribs being inside, and are then ground down until 
they are so thin that the light shows through them. Thus 
a porous pot is obtained of which the sides are much 
thinner than would be otherwise possible, and the internal 
resistance is correspondingly reduced. The electro-negative 
plates are of graphite, corrugated so as to oppose a large 
surface to the depolariser and strengthened at the edges. 
The containing vessel is made of vulcanite, and beneath 
the vessel are two ducts. One of these makes connection 
to each of the porous pots, there being as many branches 
as there are porous pots. The other duct has one branch 
to each cell. By connecting the two ducts to reservoirs 
containing the acid and the depolariser respectively, a 
battery of cells can be charged by raising the reservoirs. 
The branch ducts are made small so as to avoid local cur¬ 
rents from cell to cell. 

The Author is not aware whether this cell is still on the 
market. 

HYPOSULPHITE AS AH EXCITANT. —The use of 

sodium hyposulphite as an excitant has been advocated by 
A. J. Paine.f This is used with the zinc in one compart- 

* Tranaactione, American Electrochemical Society, VoL X., p. 107, 
1906. Abstract in The Electrician, Vol. LVIIL, p. 996, 1906. 

t The Electrician, VoL LXXI., p. 269, 1913. 

0 
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meat of a two fluid cell, being separated by a porous pot 
from the carbon, which is immersed in ferric chloride. From 
a brief trial the Author has not found any particular advan¬ 
tage in this cell. As a depolariser a ferric chloride solution 
can easily be maintained saturated by adding the solid, but 
this solution is a material which is distinctly “ messy ” when 
in due time it is oxidised to the form of rust. 
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Owing to the want of portability of cells containing 
liquid electrolytes, there have been numerous attempts 
to utilise some form of more or less solid electrolyte and 
thus to produce what is termed a dry cell. That term, 
however, is really a misnomer. No cell can furnish more 
than a minute current if it is dry, and; in fact, one of the 
difficulties experienced in making a successful dry cell is 
the difficulty of keeping it sufficiently wet under all condi¬ 
tions (such as hot climates). The name is nevertheless a 
useful one, and is now universally used to designate a class 
of cell which is relatively dry as compared with the cells 
which have so far been described. 

In addition to portability, dry cells have the further 
advantages that they require no attention during working, 

•2 
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such as the addition of water, that they are generally 
unbreakable, and may be used in any position. But 
certain defects are frequently observed. Deterioration 
takes place if cells are kept in stock, even if no current is 
taken from them, and is shown chiefly by loss of E.M.F. 
and increase of internal resistance. The latter is partly due 
to the gradual drying of the paste and partly to change^ ,in 
the salts and other constituents of the cell. If the cells are 
good they will retain their qualities without serious change 
for eighteen months, or even two years. Another defect 
frequently met with in cells which are constructed so 
that gases generated have no ready means of escape is 
that known as “ bursting,” the gases breaking open the 
outer case. This bursting generally takes place in cells 
which are on circuit, but it is also liable to occur in cells 
which have never been used, owing to the gradual expan¬ 
sion which often seems to accompany the drying of the paste. 
Drying may also be due to the formation of hydrated 
crystals. 

All dry cells at present on the market are practically 
Leclanche cells in which the electrolyte is in the form of a 
paste, and consequently the value of the E.M.F. is about 
1.5 volts. The exact composition of the paste is generally 
a trade secret. Depolarisation is usually effected by 
having a paste of manganese peroxide, carbon and graphite 
in the immediate neighbourhood of the carbon plate. 
Instead of peroxide paste, agglomerate blocks and Le- 
clancW-Barbier agglomerate cylinders have also been used 
by Leclanche et Cie. in dry cells, but without any very great 
success. 

OENEKA.Ii DESCRIPTION OF DRY CELLS— Before 
going on to a detailed description of certain cells it may be 
well to state in general terms the construction that is usually 
adopted. 



299 


DRY CEILS. 

The container, which is round or rectangular in form to 
suit the conditions of the user, is made of sheet sine and 
forms the electro-positive element. This has the advantage 
that a water-tight vessel is obtained, this vessel being pro¬ 
tected mechanically by a pasteboard casing. Sometimes an 
earthenware or glass container is used, a sheet of zinc in 
cylindrical form being placed within the container. The 
only advantage of this method seems to be that the insu¬ 
lation is better, which may be desirable if a larger number of 
cells are required in series. 

The zinc is sometimes amalgamated. From the point of 
view of local action this does not seem to be important, but 
amalgamation appears to prevent the forming of crystals 
and consequent pitting of the zinc. 

The carbon may be a plate or it may be round. It is 
surrounded by a paste made up of manganese peroxide and 
carbon, with some graphite to decrease the internal resist¬ 
ance, and electrolytic constituents and water. The propor¬ 
tion of graphite is regulated partly by the cost and depends 
also on skill in manufacture. The exact composition is not 
disclosed by makers and depends upon the service required, 
but it, is stated that an average mixture is made by taking— 


Manganese peroxide . 10 lb. 

Carbon or graphite, or both . 10 lb. 

Bal-ammoniao . * lb. 

Zinc chloride . 1 lb. 


Sufficient water is added to this mixture to make it into a 
suitable paste. 

A formula given by H. K. Riohardson* as being commonly 
used in the United States is as follows, expressed in parte, 


presumably by weight 

Manganese peroxide (85 per oent. MnO,) . 100 

Ground coke . 80 

Artificial graphite . SO 

Sal-ammoniac . SO 

Zinc chloride (30'B<) . 7 


* “ Metallurgical and Chemical Engineering,” Vol. X., p. SSI, ISIS, 
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The carbon and the depolarising paste surrounding it 
must be regarded as a composite electrode. The depolar¬ 
ising action takes place at the outer surface of the paste and 
progresses inwards as the cell is discharged. 

Between the depolarising paste and the zinc is what may 
be called the “ electrolytic paste.” It is generally white, 
and is made up of flour,* plaster-of-paris, sal-ammoniac and 
zinc chloride, with enough water to form a paste. Dextrine 
and cornflour are also employed. Sometimes a transparent 
gelatinous paste is used. In this case the electrolyte is 
made up with gum tragacanth, gelatine or agar-agar. 
Tragacanth is the best gum for the purpose. Gelatine 
results in higher resistance ; agar-agar is largely used, and 
has the merit of cheapness. 

The usual procedure in manufacture is to make the 
electro-negative element by ramming the depolarising 
mixture into a mould round the carbon. For this purpose 
the mixture is moistened with water, or, if it is desired to 
obtain greater coherence, with water containing a little 
mucilage. The carbon and the surrounding depolariser 
is then removed from the mould, and may be made up into 
a sack element by wrapping it in canvas which is securely 
tied round. The advantage of this form of construction is 
that good contact is secured between the carbon and the 
depolariser. The electro-negative element is then placed 
in the container, into which the required quantity of elec¬ 
trolytic paste has already been poured, or the paste may be 
poured in after the element is in position. When first made, 
the white paste is sufficiently liquid to pour easily, and sets 
more or less stiff after one to three hours, according to 
its composition, the setting being due to the plaster-of- 
paris. 

* In regard to substitutes for flour, see a note in The Electrician, 
Vol. LXXV., p. 376, 1916. G^asswool, sawdust, gelatine, starch, 
Kieaelguhr and water glass are mentioned. « 
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Provided the electrolyte is sufficient there is no advantage 
in having a thick layer of electrolytic paste. In faot, in 
American cells this is cut down so far as to oonsist merely 
of a few layers of pulp board or blotting paper moistened 
with the electrolyte. It must be remembered that the 
depolarising paste also contains electrolyte and this will 
diffuse as the other becomes used up. An advantage of 
the blotting-paper method is that the container can be 
easily lined therewith ; the paper is soaked by running in 
electrolyte, which is poured out again after a few moments; 
the carbon can then be placed in position and the de¬ 
polarising paste can be rammed in so as to obtain good 
contact. Except in America, however, this method has 
not found favour, although it is cheap. It gives low internal 
resistance, and therefore a high value of the short-circuit 
current initially ; but such cells tend to dry up more quickly 
than those made with a paste, the amount of moisture held 
by the paper being comparatively small. 

Accordingto Richardson,* paperforthis purpose generally 
consists of 75 per cent, ground wood pulp and 25 per cent, 
sulphite fibre, the thickness being 0-040 in. It must be 
highly absorbent so as to take up enough electrolyte, but 
the pores must be so fine that the carbon and graphite 
particles cannot migrate through them under the influence 
of electro-capillary forces. 

Some means must be adopted of preventing the carbon 
and the depolarising paste from touching the bottom of the 
zinc container. ' 

Judging from theLeclanch6 cell, it might besought that 
sal-ammoniac would be all that would be necessary for the 
electrolyte. It appears, however, that zinc chloride mini¬ 
mises local action, and it also, no doubt, keeps the cell from 
drying up. To prevent the latter, the cell is always finished 
off with a bituminous or other seal. Further, if zinc 


♦ Loc. cit. 
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chloride is in excess, the ammonia gas due to the action of 
the cell is converted into ammonium chloride, and does not 
cause trouble through forcing an exit; moreover, the E.M.F. 
is maintained at a higher value if the ammonia is removed. 
On the other hand, insoluble zinc hydroxide is thus formed 
which is harmful from the point of view of internal re¬ 
sistance. 



Fia. 128.—Post Office Test of Two Dry Cells in Series. (Locas.) 

Discharge at 45 m.a. for 5 hours (average) per day. 

(5J hours on five days a week and 2| hours on Saturdays.) 

Curve 1 shows E.M.F. after intervals of rest (/.«., morning readings). 

Curve 2shows E.M.F. immediately after 5* hours’ discharge (/.#., evening readings). 

Curve 3 shows E.M.F. after placing battery on 4-ohm circuit for one minute (after 
Interval of rest, taken on Mondays only). 

Curve 4 is similar to curve 3, but test was made after period of discharge. 

Curve 5 shows rftean daily internal resistance as determined by tests before and after 
each discharge. 

Since the cell in action gives rise to ammonia it is desirable 
t» provide some means by which this gas may escape, and 
for this reason a vent tube is generally provide. And 
objection to this has been pointed out by J. 6. Lucas 
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namely, that the escaping gas carries moisture with it; 
thus the cell dries up and the internal resistance increases.* 
Mr. Lucas carried out intermittent tests at constant current 
(on the lines already described in Chapter VIII. when deal¬ 
ing with Leclancke cells). Fig. 125 shows the results ob- 
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Running Days. 

Fio. 120,—Poet Office Test of Two Dry Cells in Senes provided with a 
Sealed Expansion Chamber. (Lucas.) Compare with Fig 126. 
Discharge at 47*2 m.a. for 5 hours (average) per flay. 

(54 hours on five days a week and 24 hours on Saturdays.) 

Curve 1 shows E M F. after intervals of rest (/.«., morning readings). 

Curve 2 shows E M.F immediately after 54 hours'discharge (/.«., evening readings). 
Curve 3 shows E.M F after placing battery on 4-ohm circuit for one minute (after 
interval of rest, taken on Mondays only). 

Curve 4 is similar tc curve 3. but test was made after period ol discharge. 

Curve 5 shows mean daily internal resistance as determined by tests before and after 
each discharge. 

• 

tamed with cells as supplied by the manufacturer and pro¬ 
vided with a vent. Cells of the same kind were then taken 
and a rubber expansion chamber was fitted to each cell so 
that the gas could pass into the chamber but could not pass 

♦ Proceedings, Institution of Post Offioe Electnoal Engineers, 1910, 
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right away. The results with the modified cells are shown in 
Fig. 126. It will be noticed that the internal resistance, 
instead of reaching a high value, ceases to rise after a time. 

In both these diagrams curve 1 shows the E.M.F. just 
before the daily run and curve 2 shows the E.M.F. immedi¬ 
ately after the run. Curve 3 gives the E.M.F. immediately 
after putting the cells on a 4-ohm circuit for one minute 
after the interval of rest, and curve 4 the corresponding 
figure after the daily run. The dotted curve shows the 
internal resistance. “ Running days ” means the days 
under test (i.e., Sundays are excluded). 

If the ingredients of the depolarising paste are very fine 
the gas may have difficulty is escaping and the cell may 
burst. The fact that a cell has burst is indicated, if not 
otherwise evident, by a rapid rise of internal resistance. 

For small discharges with long intervals (such as may be 
required in Post Office work) the rise of internal resistance 
is a serious objection to some types of dry cell. This is 
illustrated by Fig. 127, which is also due to Mr. Lucas. It 
will be seen that after 150 days the internal resistance began 
to rise rapidly and was also considerably higher after each 
day’s discharge than before the discharge, giving rise to two 
curves. From this it would seem either that diffusion 
occurred with difficulty after a time, or that gas was formed 
during the day and was dissipated during the night. 

The rise in internal resistance is a troublesome feature of 
dry cells. It is not due simply to the drying out of a cell. 
In fact, this is probably only a minor cause, since the 
voltaic action of the cell itself gives rise to water. It is 
more probably due to the formation of insoluble double 
chlorides and basic chlorides which take up water in their 
formation and which restrict the available path for the 
current. It is noticeable, however, that the current from 
an old cell oflen rises for a time when the cell is placed on 
circuit, showing that the internal resistance is reduced by 




o 
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the water that is liberated. Another feature of ageing is the 
lowering of the E.M.F. 

From the point of view of cost of operation the'rise of 
internal resistance may be important because it may set a 
limit to the life of the cell. Thus, referring to Figs. 125 and 
126, Mr. Lucas computes the inclusive cost per watt-hour for 
Post Office work in the case of the cell whose internal 
resistance rises rapidly as being OGd., whereas the cost for 
the cell whose internal resistance rises slowly is only 0-37d. 
These figures are an estimate of the total cost involved so 
long as the battery remains in use, and includes interest on 
capital, establishment charges, freight and handling, labour. 



Flu, 128 —Fahnestwl, Fio. 129.—Patterson Screw 

Terminal. Top for Dry Coll. 


supervision, travelling, materials and estimated value to 
cover the physical deterioration of permanent parts, if any. 

Except for the vent tube, dry cells are alwavs hermetically 
sealed by means of a bituminous or resinous seal. 

The carbon terminal is usually one of the varieties used 
in Leclanche cells. The zinc terminal is generally a wire 
but American makers prefer an acom-head post soldered to 
the zinc container, as illustrated in some of the sections of 
cells on a later page. To fq^ilitate connecting up cells 
special devices are sometimes used, such as the Fahnestock 
connector, supplied by the National Carbon Co. (U.S.A.), 
and illustrated in Fig. 128. Another American device is the 

Patterson connection, shown in Fig. 129. The top of the 
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cell is provided with a screw thread so that it will screw into 
a large Edison socket. In the case of a battery, a number 
of these sockets are wired together and it is only necessary 
to screw the cells home to secure connection. Ignition 
batteries are conveniently fitted up in boxes in this way. 
Cabinet outfits are made up on this plan to give up to 160 
ampgres at a low voltage. 

MATBRIALB.—What has been said on this subject in 
connection with LeclanchO cells applies largely to dry cells. 
The manganese peroxide (mainly from the Caucasus or 
Japan) usually contains 86 per cent, of MnO 3 . The carbon 
that is used is retort carbon, coke, petroleum coke and other 
varieties of various qualities freed from iron by magnetic 
separation. Graphite may be natural or artificial (mostly 
that known as Acheson Ba2), but more usually the best 
qualities of natural graphite, such as that frcm Ceylon, is 
employed. 

Both the sal ammoniac and zinc chloride must be free 
from impurities, particularly from iron, otherwise local 
action results. Local action also occurs if copper passes 
into solution, since it then becomes deposited on the zinc ; 
in fact, copper is the most harmful impurity in this respect. 
It might be thought that local action would also occur on 
account of the solder, but since lead and tin, the constituent 
metals, have high “ over voltages ” (t.e.; they require con¬ 
siderably more than the P.D. due to the decomposition of 
water to liberate hydrogen), such action does not take place. 
Some local action may also arise if the carbon and the 
depolarising mixture are both in contact with a thin layer 
of the electrolyte paste, the zinc being on the other side of 
this layer. Messrs. C. F. "Burgess and C. Hambuechen* 
state that the P.D. between the carbon and the mixture is 
0-17G volt. * Consequently it is better to surround the 

* Transactions, American Electrochem. Koc. Vol. XVI., p. 97,1909. 
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bottom of the carbon with the mixture if the zinc is suffi¬ 
ciently near to form part of the path carrying the resulting 
current. 

THE OBAOH CELL. —This cell, which is manufactured by 
Messrs. Siemens Bros. & Co., is one of the most satisfactory 
of those at present on the market. It is made both in 
the square and round forms, as shown in Fig. 130; a section 
of the round type is given in Fig. 131. The containing 
vessel Z is of zinc, and at the same time serves as the 
positive plate, an arrangement which is very generally 



Fig. 130,—The Obach Cell. 


used in dry cells. The depolariser F is made up as a 
stiff paste containing about 55 per cent, of manganese 
peroxide, 44 per cent, of plumbago, and 1 per cent, of 
gum tragacanth.* It is shaped into a hollow cylinder by 
being forced through a die, so that the round carbon rod C 
can be easily placed in position (original process), or the 
depolariser is preferably tamped in a mould around the car¬ 
bon. The bottom of the zinc vessel is coated on the inside 
by a thin layer B of a bituminous compound on which is laid 


Ayrton, “ Practical Electricity.* 
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ft disc of thick paper, thus preventing the possibility of in¬ 
ternal short circuiting. After the carbon and the surrounding 
depolariser are placed centrally in position the space 6 
is filled by pouring in a thin paste, consisting approximately 
of 85 per cent, of plaster-of-paris and 15 per cent, of flour, 
moistened with a solution of sal-ammoniac. An annulus 
of double canvas, I, having a large mesh, is placed above 
the i>Hste, and this in turn is covered with a layer of ground 



i'lG. 131.—Section of Obach Cell. 

A»Cardboard case. H=* Bituminous seal. 

CwCarbon. T] «= Positive terminal 

Insulating layer. T 2 «Negative terminal. 

F= Depolarising pa' te. V—Vent tube.* 

0= White paste. Z«Zinc. 

cork, J, and a second annulus of paper, K. The sine 
vessel is protected and insulated by a closely fitting card¬ 
board case, A, having a thick base, B. This case extends 
higher than the zinc, which is entirely hidden by the bitu¬ 
minous seal H, and is therefore safe from accidental short 
circuit. Contact is made with the zinc by means of an 
insulated copper wire, T 2 , soldered to it. Two small glass 
vent tubes, one of which is shown at V, are provided for 
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the escape of gases. Contact with the carbon is effected 
by the terminal screw T t which is fixed in a vertical hole 
drilled into the top of the carbon. This hole is enlarged 
at the bottom, and the screw is run in with an alloy of two 
parts of bismuth to one part of tin, which expands on 
solidifying. A nut, M, is screwed down on to the alloy, 
and is further held in its place by the bituminous seal. 
Connections are made by means of the upper terminal nut 
in the usual way. The square cells have the same con¬ 
struction, except that the zinc containing-vessel is square, 
as is also the depolariser which surrounds the carbon. 

In Figs. 132 and 133 are reproduced some curves which 
were kindly furnished by Messrs. Siemens Bros. The former 
shows the polarisation which takes place when a cell, size B, 
is closed through a resistance of 5 ohms for one hour, and 
also the recovery of the E.M.F. during the following hour. 
A similar diagram was given in Fig. 38. The curves in 
Fig. 133 show the character of the discharge obtained from 
various-sized cells on a 10-ohm circuit. 

The dimensions, weight, and approximate internal 
re; iitance of these cells, as given by the makers, are shown 
in Table I. 

Table I .—Particulars of Obach Dry Cells. 




Approximate 

Approximate 

i 

1 Internal 

Size. i 

overall dimensions. 

weight of 


i 

(Including terminal.) 

complete cell. 

resistance. 



Inches high. 


About. 


M . 

4} dia. x8$ 

9 lb. 1 oz. 

(MO ohm. 


A ... 

34 dia. x 8 

4 lb. 0 oz. 


R. 


" Cells* 

2»dia.x7i 

2 lb. 6 oz. 

0-20 „ 

c . 

2{ dia.xO 

1 lb. 0 oz. 

0-25 „ 


;i>. 

2 dia. x 5 

0 lb. 14 oz. 

0-30 „ 


fM . 

4Ax4jirX8i 

9 lb. 10 oz. 

0-16 „ 


N. 

3| x3} x7J 

5 lb. 0 oz. 

015 „ 

Square 

Cell/ 

0. 

P. 

2t»x2«x8| 

21 X2J x6$ 

3 lb. 0 oz. 

1 lb. 14 oz. 

0-20 

0-25 „ 

Q. 

’ ! Xl X 51 

1 lb. 6 oz. 

0-23 „ 


R. 

l#xlflx5' 

0 lb. 14 oz. 

0 30 „ 


S. 

if-xli x4i 

01b. 10 oz. 

0-50 „ 


J. 

H xli X3§ 

0 lb. 6 oz. 

0-50 „ 
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Ttl 

The largest of these cells is suitable for supplying a 
considerable current, such as that required for small glow 
lamps, ai d has been used in the well-known penny-in-the- 

Minutes. 



Minutes. 

Fig. 132.—Test of an Obach Dry Cell, Size B (2$ in. diameter x 7J in. 
overall, weight 2 lb. 6 oz.), closed through 5 ohms for one hour. 



Days. 

Fig. 133.—Discharge Curves of Obach Cells, closed through 10 ohms. 

slot mutoscope machines for illuminating the photographs. 
Sizes B and 0 are usually employed on bell circuits. 
Smaller cells than those mentioned in the above table are 
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also made, and are useful for medical work and on circuits 
where the current required is very small. 

THE HELLESEN CELL.—This cell, which is also manu¬ 
factured by Messrs. Siemens Bros. & Co., was one of the 
first to be commercially successful. It costs somewhat 
less than the Obaek, and size for size it has a smaller output. 
It is shown in section in Fig. 134. The zinc containing- 



Tig. 134. —Section of Hellesen Cell. 

A >= Cardboard case. H=Bituminous seal. 

C—Carbon. Tj—Positive terminal. 

E=Insulating layer. T 2 =Negative terminal. 

F= Depolarising paste. V = Vent tube. 

G*= 1ft hite paste. Z=Zino. 

vessel Z is cylindrical, and is covered at the bottom on the 
inside with a thin layer, E, of a bituminous insulating 
compound. The carbon rod C, which is round, is sur¬ 
rounded by the depolarising mixture F; this is held in 
position by canvas, forming a “ sack element.” The space 
between the depolariser and the zinc is filled in with a white 
paste, G. The zinc vessel is sealed with plaster-of-paris, J, 
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and is provided with vent holes, K. Protection is afforded 
to the zinc by a loosely-fitting square cardboard case, A. 
Since the zinc vessel is cylindrical, there is a good deal of 
waste space in the cardboard case, which is filled up with 
sawdust, S. The cell is finished off in the usual way with 
a bituminous seal, H, which also fills in the top of the outer 
case. A vent tube, V, passes through this seal into the 
sawdust, but there is no tube passing into the cell proper. 
Any gas that is formed diffuses through the plaster, passes 
through the holes K, and thence down through the sawdust 
to the vent tube. The terminal screw is fitted into the 
carbon in the same way as in the Obach cell. 

THE E.C.C. CELL,—This cell was originally made by the 
Electric Construction Co., as indicated by its name, and 
was later supplied by the E.P.S. Co., now amalgamated with 
Pritchett <fc Gold. It is now manufactured by the Edison & 
Swan Co., but under a new patent, being made under 
H. W. Butler’s patent, No. 29,065 of 1904. The patented 
process is briefly as follows : With the object of improving 
the capacity and preventing evaporation, the mass be¬ 
tween the depolariser and the zinc is made of a starchy 
substance (which becomes jellified or gelatinised by the 
action of heat and moisture), together with a material such 
as cement or plaster to give the necessary consistency. 
For example, the mixture may be made of 20 parts of plaster- 
of-paris, 6 parts of ground maize and 12 parts of sal-am¬ 
moniac, with sufficient water to make it into a creamy paste. 
To this there may be added, say, three parts of zinc chloride.' 
By means of a plunger this mixture is pressed into the zinc 
containing vessel, so as to form a lining. When it has set 
into a porous semi-solid mass, the plunger is withdrawn 
and the lining is cooked by bringing steam into contact 
therewith; it is then allowed to cool, the carbon is inserted 
and the depojariser is rammed into position. 
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A section of the cell is shown in Fig. 135. The carbon is 
flat, and is surrounded by the depolarising paste F. The 
special porous lining is seen at G, and is carried down as a 
thin layer under the depolariser, there being an insulating 
disc at the bottom of the cell. It will be noticed that the 
depolariser is kept well down below the top of the porous 
lining. The cell is finished off with a thick layer of sawdust, 
S, above which is a layer of waxed paper; the latter carries 



Fro. 135.—Section of E.C.C. Celt 


A= Cardboard case. 

C—Carbon. 

F=Depolarising paste. 
G=White Paste. 

H—Bituminous sea!. 

J=Layer of waxed paper. 


S= Sawdust. 

Tj = Positive terminal. 
Negative terminal. 
V=Vent tube. 
Z=Zinc. 


the bituminous Beal which makes a joint with both the zinc 
container and the cardboard case. A vent tube is provided. 

THE G.B.O. CELL.—The construction of the G.E.C. 
cell, which is made by the General Electric Co. (England), 
iB shown by Fig. 136. A zinc container, Z, is used as the 
electro-positive element. The carbon, C, is a flat plate, 
.which is surrounded by a cylinder, F, of depolarising paste 
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of carbon and manganese peroxide, and this in turn u 
surrounded by the white exciting paste, 6, filling up the 
space between the depolariser and the zinc. The exciting 
paste consists chiefly of plaster-of-paris and sal-ammoniac. 
The bottom of the zinc pot is protected from the depolariser 
by an insulating layer, and it will be noticed that the carbon 
is not carried right down. Above the paste is a layer of 



Fig. 136.—Section of G.E.C. Cell. 


A= Card board case. 
C-Carbon. 

E= Insulating layer. 
F= Depolarising. 
G=White paste. 

H—Bituminous seal. 


S~ Sawdust. 

Tj-Positive terminal. 
T'i Negative terminal 
V--- Vent tube. 

Z - Zinc. 


sawdust, S, and above this a bituminous seal, H, through 
which passes a vent tube, V. The arrangement of the 
terminals T t and T 2 is clear from the figure, the former 
being a common type of brass terminal and the latter an 
enamelled copper wire. A cardboard case, A, gives general 
protection. t 
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Curves of discharge, kindly supplied to the author by 
the General Electric Co., are given in Fig. 137, and refer to 
Nos. 1 and 2 round cells. 



Fig. 137. —Discharge Curves of G.E.C. Dry Cells. Continuous discharg 
through 10 ohms external resistance. 

No. 1.—74 overall x 3± diam. 

.. 2—„ x 2 f „ 

Particulars of the more general sizes of G.E.C. dry cells 
are given in Table II. 


Table TL^— Particular) of G.E.C. Dry Veilt. 


Size. 

Height 
over all. 

Section. 

Internal 

resistance. 

Approximate 

capacity. 

1 round. 

7J in. 

31 in. diam. 

010 ohm. 

80 amp.-hrs. 

2 . 

6 } 

2f 

015 „ 

25 

3 . 

SJ 

21 .. 

0-20 „ 

12 

00 square \.. 

n .. 

4£ in. sq. 

0-10 „ 

120 

1 „ 

7i .. 

31 „ 

0-10 „ 

70 

2 „ 

<4 .. 

2| „ 

0*15 „ 

34 

3 . 


21 „ 

0-20 „ 

15 

4 . 


H .. 

0-30 „ 

5 


THE DANIA DELL.— This cell, which is manufactured 
by the Atlas Carbon & Battery Co., of London, differs from 
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those previously described in that the white electrolyte 
paste is replaced by a gelatinous electrolyte. The con¬ 
struction will be seen from the section in Fig. 138. Only a 
small layer of sawdust is used, and this is separated by 
impregnated paper from the electrolyte below and the seal 



Fia. 138.—Section of Danis Cell. 


A—Cardboard case. 

C=Carbon 
E= Insulating layer. 

F=Depolarising paste in sack. 
G~ Gelatinous electrolyte. 

H* Bituminous seal. 


Paraffined paper. 
5—Sawdust. 

Ti=*Positive terminal. 
T 2 = Negative terminal. 
V=Vent tube. 
Z-Zinc. 


above. The carbon, which is round, is provided with a 
lead cap, and the carbon element is in the form of a sack. 
The ceil is made in a number of sizes. . 

THE MANCHESTER CELL, which is supplied by Messrs. 
Baxendale, is similar in construction to the Dania cell. 

THE E.B. CELL.—The E.S. cell is supplied by the 
Associated Battery Co., of London. Its main features are 



278 


PRIMARY BATTERIES. 


shown in Fig. 139. Points of interest are that there is no 
insulating layer at the bottom of the zinc container ; there 
appears to be no vent; and the seal is a double one, con¬ 
sisting first of sulphur and then a resinous layer. 



Fig. 139. — Section of E.S. Cell 

A=Cardboard case. K- Resinous seal 

C—Carbon (1J in.x ft in ) TV-Positive terminal. 

F=D9folarislng paste. Tg-Negative terminal. 

G- White paste. Z- Zinc. 

H=* Layer of sulphur. 

THE LESSING CELL.—The cell devised by Lessing 
differs from those hitherto described in that the containing 
vessel is not the zinc plate of the cell, but is an opal glass 
jar. This has the disadvantage that the cell is more liable 
to be injured, but the zinc is made more simply, being in 
the form of a cylindrical sheet, part of which extends 
beyond the seal so as to carry the negative binding 
screw T t (see Fig. 140). The zinc is coated on the outside 
with black insulating varnish. The carbon plate C, which 
is shown edgeways in the Figure, is made unusually wide, 
so that the depolarising mixture, F, practically forms a 
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semi-cylinder on each side of it, leaving the edges exposed. 
This mixture is kept in place by being wound round with 
canvas. A white paste, G, fills up the space between the 
depolarising paste and the zinc, and also any space between 
the zinc and the containing jar. The paste is covered with 
a thick layer of sawdust, S, above which is a protecting 



Fra. 140.—Section of Leasing Cell. 

A .Ola., Containing Vessel. T^Positirs terminal. 
Carbon. T; Negative terminal. 

Depolarising Paste. V^VenfTnbn, 

H = White Paste. /.“Zinc. 

H*= Bituminous Sea 1 . 


layer of a white porous material, J, and finally th® ordinary 
bituminous seal, through which there passes a metallic 
vent tube, V. Both terminals are of the screw type, held 
in position by a nut.* 


* The description of this cell remains as it was in the last edition of this 
work owing to the impossibility (due to the European war) of obtaining 
further information at the time of revision. 
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THE LE CARBONE (HUDSON) CELL.—There are some 
noticeable differences between the cell made by Le 
Carbone and those previously described. Thus, a black 
glass jar is used as the containing vessel, the zinc being 
merely a sheet bent into cylindrical form, on the lines of the 
Lessing cell. The zinc is kept spaced away from the sack 
element by means of vertical pieces of cord tied on the latter. 
Instead of a white paste, a gelatinous electrolyte is used, 



Fro. 141.—Section of Le Carbone (Hudson) Cell 

A= Glass lar. S= Sawdust. 

B—Sack element. Tj—Positive terminal. t 

C* Carbon. Ta=Negative terminal 

G—Gelatinous electrolyte. V~ Vent tube. 

H=Bituminous seal. Z=Zinc. 

‘J =• Layer of wax. 


and fills up the intervening space between the sack and the 
containing jar. There is a tin layer of wax between the 
gelatinous electrolyte and the sawdust, but the bituminous 
seal appears to be poured directly upon the sawdust. Details 
of this cell are shown in Fig. 141. 
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THE E. & E. CELL—This cell, which is made by Messrs. 
Rvlander and Rudolphs, ot Henriksdal, Swedm, is inter¬ 
esting in that it depends to some extent on atmospheric 
oxygen for its depolarising qualities. B'rom Fig. 142 it will 
be seen that a hollow carbon is used for this purpose. The 
cell is square, and the carbon element is made up in sack 
form of square section, the top and bottom being strength¬ 
ened bv cardboard. Round the carbon element is a gela¬ 
tinous electrolyte. The zinc containing-vessel acts as one 



Fig. 142._Section of R. & R Coll, showing the sack clement partly 

in section. 


A-Cardboard case. 

C- Carbon. 

Et, E->=Layers of cardbor** 
F—Depolariser in sacb 
G-Gelatinous electrolyte. 


H= Bituminous seat. 
T, = Positive terminal. 
T 2 - Negative terminal. 
2-Zinc. 


electrode, and is protected externally by a cardboard case. 
It is noticeable that the zinc container only extends up to 
the under side of the seal. The latter makes a joint with 
the cardboard case above the zinc container. There is no 
vent. The terminal T 2 is fixed away from the container; 
it is connected thereto by a strip of zinc, and is embedded in 
the seal, as shown by the detail to the right of Fig. 142. The 
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other terminal is carried by a ring of sheet brass which is 
forced on to the conical end of the carbon. The cell is 
stocked with the carbon well corked. 

The possibility of atmospheric oxygen playing a part in 
supplementing the available oxygen in the manganese 
peroxide in the Leclanchc type of cell seems to have been 
pointed out by Holst; but Rudolphs appears to have been 
the first to devise a dry cell in which this idea is put seriously 
into practice. In Fig. 143 are reproduced two curves pub¬ 
lished by the makers of the R.R. cell, showing the gain that 
is found when the carbon is left open. The curve A refers 



0 S 10 15 20 25 30 35 40 45 50 S5 


Days. 

Fie. HU.—Discharge Curves of 11. & R. Cell, showing the effect of 
atmospherio absorption. 

Continuous discharge through 10 ohms external resistance. 

to the case when the carbon is left corked. Under these 
conditions the P.D. fell to 0-75 volt in 18 days. On the 
other hand, when the top of the carbon was left open, this 
limit had not been reached after 55 days. It is therefore 
concluded that atmospheric oxygen plays an important 
part. The effect becomes increasingly important as the 
manganese peroxide is reduced by the action of the cell. 
Without, however, knowing precisely how the maker’s 
experiments were carried out it is only possible to discuss 
the point briefly. 
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THE BLUE BELL CELL.—Passing now to American 
cells, we find that a cheaper form of construction is generally 
adopted in the United States. Thus, a sack element is no 
longer used and an electrolyte paste is omitted, its place 
being taken simply by a layer or two of absorbent paper, as 
mentioned earlier in this chapter. 

In the Blue Bell cell, which is used exclusively by the 
Western Electric Co. for their telephone work, these features 



Fig. 144.—Section of Blue Bell Cell. 

A=*Cardboard case. H«= Bituminous seal. 

C«= Carbon. S«= Layer of sand. 

E=Three layers of pulpboard. Ti«Positfve terminal. 

F=Depolarising paste. Ta* Negative terminal. 

G= Absorben t paper. 2= Zin c. 


are evident, as seen by the section m Fig. 144. Thj carbon 
fa of the unusual form shown in the small section on the 
right-hand side of this figure, the idea being, presumably, 
that better contact fa thus obtained with the depolarising 
paste. The zinc case fa provided with a small acorn-head 
post with screw terminal instead of a wire. The absorbent 
paper which lines the zinc fa folded down over the top of the 
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depolariser paste ; and this is covered with a layer of fine 
sand, over which the bituminous seal is poured. No vent 
appears to be provided in th s cell. 

Test curves of the Blue Bell cell, as obtained by the 
National Physical Laboratory, are reproduced in Fig. 145, 



Fig. 145-—Discharge Curves of Blue Bell Cell. (Natural Physical 
Laboratory—6 cells.) 

Intermittent test on 5 ohms for 6 hours per day; resting the other 18 hours and also 
resting on Saturdays and Sundays. 

Size of Cell. ^ = E.M F. before beginning of Daily Discharge. 

V» =P.D. at beginning of Daily Discharge. 

V. = P.D. at end of Daily Discharge. 


and are of interest as showing the capabilities of a cell of 
this kind on a test designed for telephonic purposes. 

•\ 

THE COLUMBIA CELL.—This cell is one of the best 
known American drv cells, and is made by the National 
Carbon Co., of Cleveland. Ohio. From the section shown 





in Fig. 146 it is seen that the zinc container is lined with 
absorbent pulpboard, and this is made to surround the 
depolarising paste entirely. The cell is finished off. first, 
with a layer of sawdust, over which is an air space, then a 
layer of sand, and finally a bituminous seal. The air space 
is maintained by a collar punched out of corrugated paper, 
and serves as a reservoir into which surplus electrolyte can 



•Section of Columbia Cell. 

S|~- Layer of sawdust. 

Sj-Corrugated cardboard collar 
S*— Layer of sand. 

Tj-Positive terminal. 

To=Negative terminal. 

Z-Zinc. 

be forced when heavy currents are taken. When the dis¬ 
charge stops, the electrolyte runs back. The air space 
takes the place of a vent. 

THE JOVE CELL. —This cell, again, is of American 
manufacture, being supplied by Messrs. J. H. Bunnell & Co., 
of New York. The main features are shown in Fig. 147. It 
is noticeable, that the absorbent paper lining to the zinc case 
is not folded down over the top of the depolarising paste. 


Fio. 140.- 

A=*Cardboard case. 
C=Carbon. 

E= Layers of pulpboard. 
F=* Depolarising paste. 
G** Absorbent pulpboard. 
H ® Bituminous seal. 
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A little sawdust is sprinkled over the top of the latter, and 
then the bituminous seal is run in without protection. 
There appears to be no vent. The round carbon terminates 
in a brass cap which carries the terminal. 



Fra. 147.—Seotion of Jove Cell. 

A -"Cardboard case. H= Bituminous seal. 

B= Brass terminal cap, round. S= Sprinkling of sawdust. 

C-Carbon. Ti«Positive terminal. 

E= Layers of cardboard. T2= Negative terminal. 

F—Depolarising paste. Z—Zinc. 

G=Absorbent paper. 

THE MASCOT CELL is another American dry cell sup¬ 
plied by the same makers, Messrs. J. H. Bunnell & Co. 

DESICCATED CELLS. 

It is well recognised that dry cells deteriorate if they are 
in a hot place considerably more quickly than if kept in a 
place that is cool. It is not surprising, therefore, that such 
cells are found less satisfactory in tropical than in temperate 
climates. For this reason cells have been devised which 
are not only dry by name but dry in actuality, and may thus 
be called desiccated cells. Substantially, these cells are 
dry cells in which powders are used instead of pastes. Con- 
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sequently, they can be kept indefinitely without deteriora¬ 
tion, and when they are required for use the necessary water 
can be added. This is a very great advantage ; but, on the 
other hand, such cells do not in all cases have as long a life 
as the corresponding dry cells. 

THE “EXTEA SEC” CELL.-This cell, which is made 
by the General Electric Co., may be described as a G.E.C. 
dry cell modified to take advantage of the above principles. 



Fio. 148 .—Section of the 

A=Cardboard case. 

B = Insulating layer. 

C-Carbon tube. 

F=*Depolarising paste 
G—Layer of absorbent paper. 


‘ Extra Sec ” Cell 
H=* Bituminous seal. 
K=Rubber cork. 

Tj“Positive terminal. 
T*== Negative terminal. 
Z“Zinc. 


A section of the cell is shown in Fig. 148. A tendency 
towards American practice is seen in that a thick layer of 
absorbent paper is used for lining the zinc contairfer. The 
space between the paper and the carbon is filled with the 
depolarising mixture. The carbon is in the form of a per¬ 
forated carbon tube, so that when water is poured into this 
tube it percolates through the perforations and saturates 
the depolarising mixture; the latter is made up withexcitiag 
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salts, so that the necessary electrolyte is produced when the 
water is addel. 

According to data published by the Company, the life of 
this cell is not so high as that of the corresponding dry cell. 
As to what is the explanation of this shorter life it is difficult 
to say with certainty. Possibly it may be due to the fact 
that the lower oxide produced by the reduction of the 
manganese peroxide is more bulky. Since the paper i3 
much less 3 'ielding than the white paste or gelatinous elec¬ 
trolyte used in dry cells, the resulting pressure may be high 
enough to force the moisture out of the paper and to form 
the impurities from the zinc into a layer of somewhat high 
resistance, thus shortening the life. 



Fin. 148. —Section of the Bur* Cell. ( 

' A—Card tv .id case. K~ Cork stopper 

B^-- Sack element T|* Positive terminal. 

C- Carton T. - Negative terminal. 

Excltuit powder. V—Vent tube 

H« Cork seal. Z--=Zinc 

THE DUKA CELL.—The Dura cell, which is made under 
a patent by Messrs. Siemens Brothers & Co., is more of the 
wet-cdl type. As will be seen from Fig. 149, a sack form 
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oi carnon element is used, and the space between this and 
the zinc container is tilled with a powder consisting of 
ammonium chloride and a gelatinous substance which forms 
a paste when moistened. There is a considerable space 
between the top of the sack and the seal. The latter con¬ 
sists of two layers of cork, the lower one of which closes the 
zinc vessel and the upper one the outer case, the space 
between these two layers bein g filled wit h a resinous material. 
A vent tube is provided, and also a corked tube, through 
which water is added. The cell is charged by pouring hi 
water until the cell is full. It. is then allowed to stand for a 
few hours, when any water that has not been absorbed is 
shaken out and the tube is re-corked. 



Fra. 150.—Section of H.2.0 Cell. 


A “Glass jar. 

B= Layer of compound. 
Ci «Sack element. 

Cf-* Carbon. 

Di=» Porcelain base. 


Dr- Porcelain ring. 

E— Rubber ring. 

G-= Excitant crystals. 

H-- Bituminous seal. 

J== Waxed cardboard washer. 


K~Cork. 

Tj-Positive term ina 
” 2 ^ Negative termin, 
V^Vcnt tube. 
Z*2inc. 


THE H.2.0 CELL.—This cell, which is rather more com¬ 
plicated in its construction than the other examples here 
described, is made by the Ediswan Co. As shown by Fig. 150, 
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a glass jar is used as a container, into the bottom of the 
jar is run a little bituminous compound, which serves to fix a 
porcelain cup. The latter acts as a support for the sack 
element. The cylindrical zinc is separated from the sack at 
the bottom by the porcelain cup, and at the top by a rubber 
ring. Above the sack is a porcelain ring, which carries a 
waxed cardboard washer for supporting the bituminous 
seal. A vent tube is provided in the seal. An unusual 
feature is the strip terminal connection to the zinc, which is 
of lead ; the other terminal is fixed by means of a brass cap. 
The cell contains a certain quantity of crystals and only 
requires the addition of water. 



Fig. 151.—Section of the Reliable Cell. 


B*» Sack element. 
Carbon. 

ff™ Insulating layer. 
F»Turkish towelling. 
G=» Excitant crystals. 
H = Bituminous seal. 
K«=Corkstopper. 


S=Sawdust. 

Ti=» Positive terminal. 

Tt = Negative terminal 
V=Vent tube. 

Y=Galvanised-iron container 
Z=2inc. 


THE RELIABLE CELL. —This cell is made by the 
Associated Battery Co., and has some unusual features. 
The container is of galvanised iron instead of zinc, and is 
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covered on the outside with a pa[ier wrapper. It is pro¬ 
tected internally at the bottom by a thick bituminous layer, 
and the walls are also protected by a bituminous coating. 
This container is rectangular in section. The carbon 
element is in the form of a sack, and surrounding this is a 
cylindrical sheet of zinc. Between the sack and the zinc 
is a layer of Turkish towelling, and the space between the 
zinc and the container is packed with excitant crystals. 
The cell is finished off with a layer of sawdust, then some 
thin canvas and finally a bituminous seal, through which 
there is a corked aperture on the one side and a vent on the 
other, as seen in Fig. 151. 



Fig. 152.—Section of the IV.0. Cell. 

B=Sack element. Ti =Positive terminal 

C=Carbon. TV= Negative terminal. 

G= Excitan t crystals. W - Sheet o f paper. 

H = Bituminous seal. Y =- Earthenware jar. 

K=Cork stopper. Z-Z inc.- 


THE W.O. DELL.— The W.O. cell, which is made by the 
Atlas Carbon & Battery Co., differs from the cell last de¬ 
scribed in that an earthenware jar is used as the container. 
The sack element is surrounded by a cylindrical sheet of 
zinc, and between the two is a sheet of paper. This space 
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also contains exciting salts. The cell is finished off with a 
layer of sawdust and a bituminous seal, there being a layer 
of cardboard both above and below the sawdust. No vent 
is provided. A section of the cell is given in Fig. 152. 


THE BURN-BOSTON CELL.- This cell is an American 
example of the dessieated type, being made by the Burn- 



Fra. 153.—Section of Burn-Boston Cell 


A= Paper case. 
B=Zinc container. 
Ci -Sack element. 
Co—Carbon. 

D= Insulating layer. 
G=-Electrolyte. 


H= Seal 
J — Filling tube. 

M Medicine dropper. 
T v - Positive terminal. 
To-Negative terminal 
Z -Zinc element 


Boston Battery & Mfg. Works, of Boston. The con¬ 
struction is shown in Fig. 153. The zinc containing-vessel, 
which is of the square form, is protected externally by a 
waterproof paper cover and is coated internally with an 
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iiiauinijui^ wmpuuuuj so that it takes no part in the voltaic 
action, and consequently is not subject to corrosion. A 
separate zinc plate is provided. The carbon element is of 
the sack form, and the cell is completed by a bituminous 
seal which carries a tube. This is closed by a cap having a 
pinhole vent at the top. The cell is sent out containing the 
necessary exciting salts, and is filled with water by means 



0 1,000 2.000 3,000 4,000 5,000 6,000 7.000 8 000 


Hours. 

Fio. 154.—Discharge Curve of Bum-Boston Cell on. Standard Telephone 
Test of the American Electrochemical Society. (Electrical Testing 
Laboratories.) 


of a medicine dropper, as shown. There should *be an air 
space above the carbon element. The simplest way of 
filling is, therefore, to ran in a little too much water and then 
remove as much as possible by the medicine dropper. 

The cell can be recharged by running out the solution and 
filling with electrolyte, as distinct from water. Cells are 
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also being made in which the zinc and carbon can be re¬ 
newed. For this purpose, a cork cover is used in place of 
the seal, and makes a tight joint with the carbon and con¬ 
tainer. 

A test of Bum-Boston cells by the Electrical Testing 
Laboratories of New York, according to the standard 
telephone test of the American Electrochemical Society, is 
given in Fig. 154. 

An unusually long deterioration test (four years) of these 
cells has been made bv the Bay State Street Railway Co. 
(U.S.A.) and is reproduced as a diagram in Fig. 155. From 
this it will be seen that the deterioration is very slight. 
These tests refer to a cell which was filled at the beginning 
of the period and left untouched thereafter. 

In this connection it should be noted that some dessicated 
cells, when filled with water, become equivalent to dry cells, 
whereas others are more truly described as wet cells, and 
the characteristics will, therefore, vary accordingly. The 
Bum-Boston cell tends to the wet type, and consequently 
the deterioration with age should be very small (as it is), 
provided, of course, that evaporation of the electrolyte can 
be avoided, or that this liquid is of such a nature that it 
maintains its strength constant by the inclusion of suitable 
deliquescent materials. 

COMPARISON OP WET AND DEY CELLS—A com¬ 
parison of the performances of wet and dry Leclanch6 cells 
reveals the fact that dry cells are superior from the point of 
view of c§paoity fora given weight. In order to obtain suoh 
a comparison it is, perhaps, best to rely upon the data given 
in any one maker’s list (rather than on a variety of tests) so 
as to compare cells which are presumably of the same 
standard of manufacture for all types and are, therefore, 
fairly comparable. The following table has been prepared 
on this basis, cells of the General Electric Co, being selected 
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for the purpose. The weight of wet cells can only be stated 
very approximately, as this varies with the amount of, and 
strength of, the electrolyte. By “ useful life ” is meant the 
number of days taken for the voltage of the cell to fall to 
075 volt when run continuously on a 10-ohm circuit. The 
last column gives the figure obtained by dividing the useful 
life by the weight of the cell, or, in other words, the life 
per pound. 

Table III. —Comparison of Wet and Dry Cells. 


Type of Cell. 

Weight. 

(Approx) 

Size. 

(Overall.) j 

Useful 
life in 
days. 

Useful 
life ~ 
weight. 

Porous Pot Loclanch.6 (pint)... 

Wet Cells. 

2 ? i»>. 3rx3rxor | 

34 

13 

OarporouR(pint) . \ 

4jH). 

4'X4'X7|' 1 

4 

0-95 

Caraak (pint).! 


4'a4'x7|* ! 

15 

3-5 

Porous Pot Leelanch^ (quart) 

4} lb. 

3S"x3rx7f 

71 

1-0 

Agglomerate Block (quart) ... 

! 41b. 

33'x 33x7}' 

44 

M 

Carporous (quart). 

6 11). 

41*x41'x8r 

11 

1-8 

Carsak (quart) . 

tqib. 

4J'x41'x7j' 

39 

6-2 

Porous Pot Leclanche (3-pint), 7 lb. 

41'x4J'x83' 

174 

2-5 

Agglomerate Block (3-pint)... 

HI lb. 

44"x44'x83" 

10 * 
i m 

1-7 

0-Block Agglomerate (3-pint) 

HI lb. 

(Vdiam. Xt);{' 

1-6 

Carporous (3-pint). 

81b. 

4rx4}'x»r 

10 

20 

Carsak (3-pint) . 

8 f lb. 

4fx4fx83' 

! 81 

9-3 

No. 3 G.E.C. square. 

Dry Cells. 

jllb. llozJ2}'8q.xB}'hif* 

n 

44 



1 

32 

5-0 

No. 1 G.E.C. square. 

| 51b. 

j3}'sq. x7f'high 

64 


From these figures can be seen the great advantage of the 
sack form of cell over the other types of wet cell. Agglo¬ 
merate cells do not show up so well as the ordinary porous 
pot cells on this basis. It is noticeable that the dry cells 
are much superior to the wet cells, and that this superiority 
is obtained with a smaller weight. Thus, the No. 1 dry cell 
weighs only 5 lb., whereas the average 3-pint wet cell 
weighs 81b. and gives a considerably less efficient result. 
The No. 1 dry cell has about the same weight as the average 
quart-size wet cell. It is seen that the efficiency in all 
types generally increases with t he size of cell. 
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In the matter of first cost, wet cells generally have an 
advantage. For example, the list price of a No. 1 G.E.C. 
cell Is 3s., whereas the prices of the 3-pint wet cells are 
Is. lOld.. ‘2s. 3d. and 3s. 9d. for a porous pot cell, an agglo¬ 
merate block, and a carporous respectively. The price of 
a 6-block agglomerate is 5s. (id., but that of a 3-pint Carsak 
cell is only 3s. 

A dry cell has the disadvantage that when it is ex¬ 
hausted it is of no further use and must be thrown away, 
unless the manufacturing company makes an allowance 
for old cells, which is sometimes the case. Wet cells can, 
of course, be re-charged when exhausted. But, as shown 
in Chapter VIII., the mere addition of fresh electrolyte does 
very little to put new life into an exhausted cell. It is 
necessary to renew the depolarising material as well, and 
not infrequently the zinc also. Consequently the supposed 
advantage of being able to re-charge a cell is not a very 
great one, and, on the other hand, the dry cell is greatly 
superior in that it is always ready for use and is exceedingly 
easy to handle. 


TESTING DRY CELLS. 

The testing of dry cells has assumed some importance as 
a distinct branch of cell testing owing to the fact that these 
cells are used in enormous quantities and for very different 
classes of service. For this reason a good deal of attention 
has been given to the subject. 

The object of tests is generally to obtain comparative 
results, so that one kind of cell may be compared with 
another, or so that different batches of the same kind of cell 
may be compared so as to ensure a certain standard of 
manufacture. Unfortunately, different kinds of tests do 
not always lead to the same comparative results, and there¬ 
fore a test should be selected having some relation to the 
character of the work for which the cell is required. Thus 
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for some purposes an intermittent test may be preferable 
to a continuous test. It need scarcely be remarked that 
the precise service conditions under which a cell is to be used 
can rarely if ever be reproduced as test conditions, and even 
if they could the test would be too prolonged to be useful. 
But it is desirable to be able to deduce the life in service 
from the life on test with some show of probability. 

Apart from comparative life testa, other tests are used to 
determine whether a cell is in good condition and whether 
it deteriorates on open circuit. 

TESTS TO DETERMINE THE CONDITION OF A CELL 
BEFORE USE. —These teste include the measurement of 
li.M.F. (which should be not less than 1-5 to 1-6 volts) and 
internal resistance. Such information is not of any great 
value, and sufficient has been said on these measurements 
in a previous chapter to afford a guide in the present tests. 

A third test is what is known as the Short Circuit Test. 
It is in common use in the United States, but it has been 
subjected to a great deal of criticism on the ground that 
it may be harmful to the cell and gives information of only 
doubtful value. Taking the average American cell, which 
is 6 in. high by 2J in. diameter, it is found that the current 
on short-cirouit, when the cell is new and good, varies from 
18 to 25 amperes. Inferior cells give currents as low as 10 
amperes. This remark, however, does not apply to English 
cells. American practice and English practice differ so 
much that the product of these countries cannot well be 
compared. In the former everything seems to be sacrificed 
to high initial current, whereas in this country the best 
qualities and preparations of materials are selected with a 
view to producing a cell with the longest useful life.#A 
current ranging from 5 amperes in the middle sizes to 12 
amperes in the large sizes is undoubtedly sufficiently high 
for ordinary requirements, and dry cells can be made which 
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give such currents on the short-circuit test, and will give 
also a maximum output and possess the useful character¬ 
istic of maintaining their condition when kept in store for 
a very long time. 

This test gives an easy means of determining if a cell is in 
good condition, provided the behaviour of the particular 
brand of cell is known. It also forms the basis of what is 
called' the Shelf Test. The longer a cell is kept in 
stock the smaller is the short-circuit current. In the 
United States it is considered that the short-circuit current 



Fio. 156.—Variation of Short-Circuit Current with Age of Cell. 

(Hambuechen.) 

should not fall below 10 amperes after storing (“ on the 
shelt ”) for about 12 months. The curves in Fig. 156 are 
given by C. Hambuechen* as showing the variation of the 
short-circuit current as a cell is stored. . 

For the short-circuit test to have any true meaning it is 
necessary that the ammeter should have a definite resist¬ 
ance ; otherwise the results might vary with the ammeter 
selected. A committee of the American Electrochemical 


* Jraaaariiona, American Electrochemical Society, VoL XXL, p. 297. 
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Society have recommended that the resistance, including 
the leads, should be 0 01 ohm, correct to within 0 002 ohm. 
Connection must be made by the cell terminals, and it is 
suggested that the maximum swing of the needle should be 
taken as the short-circuit current. This direction should 
scarcely be necessary, as a very dead beat instrument should 
be used and the circuit should be closed only just long 
enough to secure a reading. It is stated to be an advantage 
if the leads terminate in a stripof lead, as this improves the 
contact with the terminals. 

The value of the short-circuit current depends appre¬ 
ciably upon the temperature. It is found that the current 
rises (for the size of cell above mentioned) by about 1 ampere 
for each 10°C. rise in temperature between 10°C. and 80°C. 
Cells are particularly sensitive in this way at low tem¬ 
peratures. 

Shelf life is affected considerably by temperature. This 
fact is illustrated by the figures in Table IV., which are given 
by D. L. Ordwav.* They refer to cells tested after 
keeping for five months at the temperatures indicated. 

Table IV.— Effect of Temperature on Shelf Life of Cells (6in. x 2 j in. 
diameter). 

Temperature at which Short-oircuit current at 

oells were stored. 25®C. after 5 months. 

0 ° . 181 

26” 17-4 

GO” 0-6 

76° 0-4 

There is, therefore, good reason for storing cells in a oool 
place. 

The short-circuit test, although it gives an indication of 
age or defective condition, gives no measure of the service 
capacity. The figures in Table V., due to D. L. Ordway,') - 

* Tnmindtone, American Electrochemical Society VoL XVII., p. 341. 

f Loo. oil. * 
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illustrate this point. Here the “ old ” cells were nine 
months old, and the capacity was found by discharging 
continuously on a 2-ohm circuit down to 0-25 volt. 

Table V.- Short-circuit Current and Service Capacity of New and Old 
Cells. 

New Cells. Old Cells. 

Short-circuit current ... 22-4 amperes ... 3-fi amperes. 

‘Service capacity . 24-9ampere-hours... 20-2 arapore-hrs. 

On the other hand, the short-circuit current obviously 
gives an indication of the internal resistance, and for this 
reason some conclusions may be drawn as to the ingredients 
in the case of a new cell. For example, if the current is 
unduly high we may conclude that an excessive amount of 
low resistance carbon or graphite has been included, thus 
reducing the manganese peroxide below the proportion 
which is desirable for good depolarisation. But if the 
current is unduly low it is probable that cheap materials 
have been used. 

The short-circuit test, although commonly used in the 
United States, has not found much favour among English 
manufacturers or users. Dry cells are not intended to give 
large currents, and it is felt that indiscriminate testing by 
short-circuits can do no good to a cell and may do harm. 
Moreover, such a test is not a measure of the life obtain¬ 
able ; in fact, if the current is above a certain figure the 
output in service will probably be low. 

LIFE TE8TS.—There is much to be said for simplicity in 
tests, and for this reason a continuous test, by running 
on, say, 10 ohms, has been popular. Results are sometimes 
stated in ampere-hours or in watt-hours, but generally the 
user is more concerned simply with time. In other words, 
cells are generally used on constant resistance circuits, and" 
so long as the current is maintained above a certain value 
the result is satisfactory; but current above this value, and 
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the voltage necessary for this excess, are merely so much 
waste from the user’s point of view. Hence time, rather 
than ampere-hours or watt-hours, is important. 

For some purposes, such as ignition, cells may be tested 
in series, but generally speaking it is preferable to test cells 
singly, rather than in series, because the average obtained by 
the series arrangement is not necessarily the same as the 
average obtained by testing the cells separately and averag¬ 
ing the results. 

Reliance should not be placed on a small number of tests. 
It the comparison is important it is better to run a series of 
tests over six months or a year. The following results (due 
to W. B. Pritz) of 10 monthly tests on two brands of 
cell illustrate this point * : — 

No. of Test . 1 2.1 466789 10 Average 

Brand A . 42 35 38 33 60 45 48 35 66 48 45-0 

Brand B . 30 37 24 25 27 40 48 42 40 40 35-3 

On a continuous test the character of the curve depends 
upon the value of the resistance that is used for the circuit. 
If the resistance is low, say, 2 ohms for an ordinary size cell, 
the voltage falls rapidly because the depolarisation is in¬ 
sufficient to meet the needs of the case. With a high 
resistance the fall is much less rapid. A low resistance test 
would not be used for testing a cell intended to be used for 
only small currents. 

The effect of an intermittent test is to give a cell time to 
recover and consequently the result obtained is materially 
different from that obtained by a continuous test. This is 
emphasised by the curves in Fig. 157, which are due to 
D. L. Ordway.f These teste refer to a circuit of 10 ohms, 
the results being obtained with three cells in series on each 

* Report of Committee of Amerioan Electrochemical Society. Also 
W. B. Pritz. Transactions, American Electrochemical 8ociety, VoL XIX, 
p. 31,1911. 

t Loc. tit. 
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test. Curve A shows a continuous test, whereas curve B 
refers to a test in which the cells were on circuit for five 
minutes in each hour. Only the times the cells were on 
circuit are taken into account in plotting the results, and 
consequently the hours shown are not unduly long. In the 
case of curve C the conditions are the same as for curve 15 
except that the test was only run for eight hours per day 
and iof six (or even fewer) days per week, or in other words 
the time for recuperation was increased and the total time 
for the test (including the intervals of rest) was longer. It 
is noticeable that cells on intermittent service are able to 
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Fig. 157.—Comparison ol Intermittent anil Continuous Tosts, Throe 
Colls, through 5 ohms External Ilcsistance. (Orslway.) 

Curve A. Continuous Discharge. 

„ B Discharge of 5 minutes in each hour. 

., C Do. but for only 8 hours per day and six (sometime* five) days per week. 
The time taken is that actually on circuit. 

stand up better than on continuous use for a considerable 
time, but eventually the position of affairs is reversed. 
Curiously enough, when the intervals arc increased, as in 
curve C, the result is not so good. This is apparently due 
to the fact that the time of the test is then so far extended 
that deterioration of the cell sets in through ageing, and this 
view is supported by the fact that both curves B and C fail 
more quickly below curve A as the resistance of the circuit 
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is increased {e.g., if a circuit of 20 ohms is used instead of 10 
ohms), the duration of the test being thereby extended. It 
must be borne in mind that water is formed in the action of 
a cell and thus a discharge up to a certain value' may be 
beneficial in keeping a cell in condition. Whereas if only 
small discharges are taken at long intervals a cell tends to 
suffer from ageing to a greater extent. 

Similarly, it will be understood that the service capacity 
of a cell depends upon the temperature at which it is used. 
The life is increased by raising the temperature if the service 
is heavy. But if the service is light a low temperature is 
preferable so as to reduce the effect of ageing. This is 
shown by the results in Tabic VI., due to D. L. Ordway.* 
In these tests the cells were discharged down to 0-5 volt, and 
it will be noticed that the temperature at which the maxi¬ 
mum life is obtained varies with the current taken from the 
cell. 

Table VI. —Effect of Temperature on Life of Cells (6 t'». x2£ in. diam.) 


Temperature at which Life on Life on 

cells were tested. 2 ohm circuit. 32 ohm circuit. 

0°C. 40 hours . 1,800 hours. 

25°C. 00 . 1,550 „ 

50°C. 70 „ . 1,250 „ 

75°C. 65 „ . 1,390 „ 


That the comparative results may vary considerably 
according to the test adopted is shown by the results in 
Table VII. These were obtained by S. W. Melsomt at 
the National Physical Laboratory. Four types of cell were 
selected, the size being 7 in. by 2| in. by 2$ in. Four cells 
of each make were submitted to each test. In the Table, 
the type A is regarded as giving 100 per cent, value and the 
other types are expressed in terms of this, It will be noticed 
that generally, though not always, the order of merit is the 

* Lot. eit 

t Tranmnioru, F»r»d»y Society, VoL VIII, p 1,1918. 
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Table VII , —Relative Capacity of Cells at Various Rates of Discharge 
(S. W. Melsom). (The values are in watt• hours,exoept where other¬ 
wise stated. V.B. means P.D. at beginning of daily discharge, 
and V.E. means P.D. at end of daily discharge.) 


Test 

No. 


Colls. 


A. 

B. 

C. 

D. 

1 

5 mins, per hour on 50 ohms to 0-0 volt 

100 

03 

83 

28 


r 

, 5 grins. per hour on 1 ohm. Colls new. 

100 

59 

43 

7 



Ditto after (> months’ storage . 

100 

58 

50 




Ditto after 12 months’ storage. 

100 

S3 

42 



„ 

Six hours per day on 5 ohms— 







Bv V.E. 

100 

71 

08 

47 



By mean of V.B. and V.E. curves ... 

100 

50 

50 

35 



Continuous at 20 milliampcrcs— 







By ampere-hours. Cells new . 

100 

43 

30 

30 

4 


By watt-hours. Cells new . 

100 

45 

40 

20 



By watt-hours after 8 months’ storage 

100 

50 

45 

5 


. 

Continuous on 10 ohms— 







To 0-7 volt . 

100 

75 

53 

60 



To 0-5 volt . 

100 

7! 

55 

00 



To 0-7 volt after (5 months’ storage... 

100 

59 

44 

28 



To 0 7 volt after 12 months’ storage 

100 

07 

50 

2 

6 

Continuous on 100 ohms to 0-9 volt... 

100 

. 08 

51 

35 

7 

Continuous on 500 ohms to 1-3 volts 

100 

102 

87 

10 


same in all the tests, but the extent to which one type is 
better or worse than another varies a great deal. For 
example, type D was consistently low except in test 5. It 
is evident that some cells show up better on a continuous 
than on an intermittent test, and vice versa. This point is 
emphasised byTable VIII., in which the watt-hours are given 
for the different types. It should be noted that the voltage 
limits are not the same for all the tests, and this in itself will 
cause some differences, but the variations are in many cases 
much greater than can be accounted for in this way 1 . Cells 
A, C and D all give the maximum output on the intermittent 
test of six hours per day, but cell B gives its maximum on a 
continuous test on 100 ohms. 

As to what test should be employed depends on the nature 
of the work for which the cell is required. A Committee of 

x2 
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Table VIII. —Showing the Effect of the Different Tests given in Table VII. 
on the Capacity Expressed in watt-hours. 


Test No. ■ 

Cells. 

A. 

B. 

e. 

D. 

i 

43 

40 

36 

12 

2 

j 44 

26 

19 

3 

3 

; 126 

63 

63 

40 

4 

1 105 

47 

42 

31 

5 

1 64 

49 

35 

'38 

6 

107 

73 

53 

38 ' 

7 

70 

66 


... 


the American Electrochemical Society has considered the 
whole question carefully and has recommended a number 
of tests which are given below. 

STANDARD METHODS OF TESTING DRY CELLS. 
(As recommended by the Committee* of the 
American Electrochemical Society.) 

Service Tests Recommended. 

7. Telephone Service .—Discharge three cells, connected in series, 
through 20 ohms resistance for a period of two minutes, each hour, 
during 24 hours per day and seven days j>er week, until the closed circuit 
voltage of the battery at the end of a period of contact falls to 2-8 volts. 

The following readings arc taken ;— 

1. Initial open circuit voltage of tho battery. 

2. Initial closed circuit voltage of the battery. 

3. Closed circuit voltage at the end of the first discharged period. 

4. Closed circuit voltage at tho end of a discharged period after three 
days, and weekly thereafter. 

Report the results as the number of days during which the closed 
circuit voltage remains above the limiting value of 2-8 volts. 

Fig. 158 shows in diagrammatic form a very convenient and inexpensive 
method of carrying on this tost. 

>Thc left-hand portion indicates tho apparatus necessary and its urange- 
ment. The hand of the clock A revolves once per hour, closing, by 
means of a suitable contact H, the circuit of the battery 1 in turn through 
tho contacts B,, B„ B 3 and B 4 , on the face of the clock. This current 
magnetises in turn the cores of the relays C lf C t , C 3 and C 4 , causing the 
extended armature arms D to fall, bringing the inverted U-shaped fingen 

* Consisting of Messrs. C. F. Burgess, J. W. Brown, F. H. Loveridge 
w»ul 0. H. Sharp. 
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F into meroury cups, to which the terminals of the individual teat circuits 
are connected. Each oontact plate B is of such length that two minutes 
are required for the passage of the contact H. 

At the right of the figure is shown one testing unit, consisting of the 
relay C, the mercury cups into which dip the contact fingers F, and the 
arrangement of the 20-ohm resistance coils G. 




Fio. 15$. — Diagram of Arrangement for Telephone Test. 

The batteries E are stored under the table on which the various parts 
arc fixed. One complete test battery circuit is indicated by the clotted 

lines. 

Fig. 159 shows a representative discharge curve obtained from a battery 
of three 2\ in. x G in. (G cm. x 15 cm.) cells of a well known brand. The 



ourve passes through the values of the closed circuit voltage at the end# 
of the contact periods. 

The tost should be conducted in a dry place, and normal room t^m- 
porature should bejnaintained as closely as possible. 
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II. Ignition Service .—Discharge six oells connected in series through 
16 ohms resistance for two periods of one hour each per day, seven days 
J>er week. The periods should be 11 hours apart, but in cases where the 
circuits are not automatically controlled, the first and the last hour in the 
working day may be chosen for the discharge periods and the discharge 
omitted on Sunday, without materially affecting the results. 

The following readings are taken :— 

1. The initial open oircuit voltage and short-circuit current of the 

battery. „ 

2. The initial closed circuit or -working voltage, and the initial impulse 
of current which the battery is capable of forcing through a 0-5 ohra coil 
connected in series with an ammeter, and in parallel with the 16 ohm coil. 

3. Closed circuit voltage and impulse current through the 0*5 ohm coil 
at the end of the first period of closure, at the end of the sixth period, at 
the end of the 12th period, and after every 12th period thereafter. 



Fio. 160.—Diagram of Arrangomont for Ignition Tost. 


The test is considered completed when the impulse current at the end 
of a period falls below four amperes. Report the results as the number 
of hours of aotual discharge to the limiting value of impulse current. 

Fig. 160 shows diagrammatically the arrangement for a single test. 

When the number of tests is not large the circuits may easily bo closed 
by hand, When a great many tests are to be made, it i9 convenient to 
arrange a clock-operated automatic circuit closing device. 

By varying the length or number of discharge periods, the test may be 
made representative of any special oases of ignition. For a good com¬ 
parison of the fitness of various cells for general ignition service, however, 
the test as given above is to be recommended. 

Particular care should be taken to keep the temperature of ignition 
test batteries as nearly constant as possible, as the wh’vioe obtainable is 
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greatly influenced by this factor, as shown by the following Table in 
which are given the averages of five separate tests conducted at 5, 25, 35, 
45,55, 65 and 75°C. 

Temperature . 5° 25° 35° 45° 55° 65° 75° 

Hours service. 31*9 46-3 50-4 46-2 35-6 29 3 26 0 

The reasons for the adoption of the various constants of this test, via., 
number of oells, resistance in main circuit, end point, and resistance in 
ammeter circuit, is fully described in the “ Trans.” Amer. Elcctrochem. 
Soc., Vol 13, p. 178 (1908); VoL 17, p. 361 (1910); and Vol. 19, p. 43 
(1911). 

III. Flashlight Batteries .—Discharge the battery to be tested through 
a resistance of four ohms for every oell in series, viz., eight ohms for a 
two-cell battery and 12 ohms for a three-cell battery, for a period of five 
minutes once each day until the closed circuit voltage at tho end of a 
discharge period falls to 0-75 volt per cell, viz., 1-5 volts for a two-oelL 
and 2-25 volts for a three-cell battery. 

The following readings are taken :— 

1. Initial open-circuit voltage and short-circuit current. 

2. Initial closed circuit, or working voltage. 

3. Closed-circuit voltage at the end of the first, third and seventh 
periods of closure, and after each seventh period thereafter. 

Report the results as tho number of minutes during which the battery 
was discharged through the resistance to the given end point. 

In case the circuits are not operated mechanically, t he results are not 
materially changed if the batteries are discharged only on working days. 

Four ohms per cell is chosen for the resistance in circuit, since the 
tungsten bulbs generally used with a three-cell battery have a resistance 
of approximately 12 ohms. 

Miscellaneous Services .—In addition to the telephone and ignition 
services, which are by far the most important services in which dry cells 
are used, there are numerous other services, among which may be men¬ 
tioned the operation of automobile horns, sewing machine motors, small 
fans, toys, massage vibrators, cigar lighters, bells, buzzers, &c. In the 
aggregate these miscellaneous services consume enormous numbers of 
cells, but they are so numerous, and there are such variable conditions 
prevailing in each kind of service, that it would be useless to attempt to 
develop standard tests covering them. 

It is not difficult for anyone particularly interested in a#y special 
service to arrange a suitable test for himself. Care should be taken to 
make the conditions of test, viz., number of cells, resistance in circuit, 
period of drain, &c., approximate those of the eervioe in question. 

COWSTBUOTION AND TESTS SPECIFIED BY THE 
BRITISH POST OFFICE.— The general character of the 
construction required by the British Post Office, and the 
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tests which the cells must pass, are set out in the following 
specification 

General. 

The zino element of the cell to be preferably formed into a rectangular 
or cylindrical case having the metal bottom and the sides so connected, 
mechanically and electrically, that no leakage can take place and the 
electrical efficiency is not impaired, and to be substantially designed to 
withstand ordinary transport and handling without damage and with 
sufficient capacity to retain the contents of the cell without overflow or 
leakage during its full |>eriod of life. 

Each coll to be fitted w ith a stout cardboard cover, bearing the name 
of the manufacturer, the letters G.P.O., and the index-letter (see Table), 
distinguishing tho size of the cell. The cover to be treated with approved 
insulating compound, to ensure the efficient insulation of the cell from 
“earth,” and the cell so constructed as to be perfectly portable. The 
overall dimensions of eacli cell to Ik* in accordance with the Table. 

Tho negativo lead to be tinned copper. 

Tho top of the carbon to be fitted with a brass terminal, of approved 
pattern. 

Each cell to be efficiently sealed and ventilated where necessary; if, 
for the latter purpose, glass tube be used, it must not project above the 
surface of tho seal. 

Tho cells to bo constructed in other respects to the satisfaction of the 
Engineor-in-Chiof to the Post Office or his representative especially as 
regards suitability of the cells for six months’ storage without appreciable 
local action or deterioration. Six cells of the type which the contractor 
proposes to supply should be submitted with tho tender. 

Tests. 

The E.M.F. of the W, X, Y and Z cells, on open circuit, must l>o not 
less than 1*5 volts, and that of the P cells not less than 3 volts, and must 
not fall more than the percentage indicated in tho Table below', after the 
cell has been shunted by a resistance of 2 ohm3 in the case of tho W, X, Y 
and Z cells, and 4 ohms in the case of the P cells, for a period of 
10 minutes. 

The resistance must not exceed that specified in the Table for tho 
particularize under test. 

Of the oella delivered, 2 per cent., drawn at random, will be tested for 
“ electrical behaviour ”■ by taking out a current of tho magnitude specified 
in the Table for average periods of five hours per day for six days per 
week until the E.M.F. of the cell falls to 1 volt at tho end of the day’s 
period of discharge, or until tho rosictanoe rises to a maximum of 3 ohms 
per cell (except in tho case of X cells, where a maximum resistance of 
5 ohms will be taken), it being understood that the voltage shall bo 
measured on open circuit, immediately after disconnection. The 
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minimum output per cell which, under these conditions, will be conai- 
dered satisfactory for each of the respective si/xs of cell, is shown in the 
following Table. 

Table IX .—Rost Office Teste. 


Index 


Dimension*. 


Max. 

Max. fall of 
E.M.F. after 
10 minutes 
application 
of shunt. 

Current to 

Min. 

output 

in 

letter 

of 

Height over all 


By j 

resist. 

in 

out 

during 

test. 


Max. 

Min. 1 

Max. 

. Mm. 

ohms. 

hours. 

W. 

or 

55' 

2 », V[ 


or> 

j 15 per cent.* 

Milliamps. 

20 

20 

X. 

41' 

4i' 

1 iV»i 


0 5 

i 20 per cent .* 

10 

10 

V. 

V 

or 

2 i* 


0-5 

; 10 per cent .♦ 

50 

50 

/. 

8J' 

8* 

4 r’j '»n 


0-25 

5 percent.* 

140 

140 

r. 

3,' 

»r 

22'- W 

» »>i* -1 r . * 

1 1 18 

10 

, 25 per cent.j 

10 

12 


* With 2 ohm shunt. t With 4 ohm shunt. 


CELLS FOE LABORATORY USE.— Before passing on to 
the next subject it may not be out of place to say a few 
words upon cells suitable for use in the laboratory. It is 
sometimes necessary to have a battery of comparatively 
high E.M.F., say 100 or 200 volts, from which little or no 
current is taken—for example, in insulation tests. A 
cheap method of making such a battery is to mount a 
number of zinc and copper couples in series in a block of 
paraffin, which is suspended over a pan of water, the 
elements of any couple being very close together. Imme¬ 
diately before the battery is required the couples are dipped 
into the water, of which each couple retains enough to close 
the internal circuit. This method is simple and convenient, 
but the internal resistance is very high, and of course in¬ 
creases as the evaporation continues. 

The details of such a battery have been worked out by 
W. S. Tucker.* As shown in Fig. 161 the carbons consist 
of graphite (blacklead) pencils about 5 cm. long and the 
zincs are formed from strips of zinc foil about 5 mm. wide, 
bound to the top of each carlxm by wire. Aft er these upper 

* Proceedings, rliys. Sue., Yol. XXI., p. 040. Manufactured by J. J. 
Griffin & Sons. , 
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e:ids have been fixed in a block of paraffin wax (melted for the 
purpose) the free end of each zinc strip is adjusted close to its 
corresponding carbon so that the electrolyte will be held by 
capillary attraction and this spacing is fixed by dipping the 



Fia. 161.—Method, of Construction of W. S. Tucker’s 
Testing Battery. 

ends into melted paraffin wax so that a little wax is taken 
up as shown. By this means a large number of cells can be 
arranged in a small space, a tray 18 in. long by 10 in. wide 
being sufficient for 900 elements. 



fia. 162.—Tucker's High-voltage Testing Battery. 


The battery is charged by dipping into a solution of 
caloium chloride, and the strength of the solution is such 
that it does not tend to increase or diminish in bulk on 
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exposure to the air, calcium chloride being hygroscopic, 
unless, of course, the atmospheric conditions change 
materially. Thus, the battery does not dry up in ordinary 
use. A voltage of 1-02 volts per cell is obtained and remains 
constant to within 0T per cent, for about two hours and to 
within 1 per cent, for half a day. One dipping per week is 
found to be sufficient. It need scarcely be remarked that 
if any considerable current is taken the polarisation is 
heavy, but the battery soon recovers. There is no trouble 
from creeping and less local action than with ammonium 
chloride. Since all connections are embedded in paraffin 



wax the insulation is easily maintained,‘and the battery can 
be readily washed free from electrolyte and stored away 
when not required. 

A. C. Longden* has described a simple form of high 
voltage battery which he recommends as being satisfactory. 
The cells are set up in small homceopathic vials. The 
plates consist simply of bent copper strip as indicated in 
Fig. 163, the two ends of any strip dipping into adjacent 
vials and being unequal in length. 


Etecirkal World, Vol. XXXI., p. 881, 1888. 
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The longer end of each strip is amalgamated with 
mercury containing a little zinc. At the bottom of each 
vial is placed a little zinc amalgam into which dips the 
longer part, of the copper strip. Water, to which 1 per 
cent, of sulphuric acid has been added, is used as the 
electrolyte. Whereas zinc in such a cell would deteriorate 
rapidly through local action, the amalgamated copper is 
satisfactory and is kept in good condition by the zinc 
amalgam. The top of each pair of plates should be coated 
with paraffin or shellac to prevent creeping of mercury or 
salts. The internal resistance of a cell is stated to be about 
00 ohms if the vial is 7 cm.x 1-7 cm., and 2,000 ohms if the 
vial is 3-5 cm. x0-7 cm. 

If a larger current is required, small dry cells or silver 
chloride cells may be used. The former, however, tend to 
dry up and the latter are troublesome. A battery of very 
small accumulators is more convenient if (here are means 
for charging. 

A small current, if required for a long time, is best 
obtained from a gravity Daniell cell. 

The Grove cell is satisfactory if a heavy current is required 
for a short time, say, for four or five hours, and the same 
remark applies to the Bunsen cell, though it is more variable. 
The bichromate cell will also supply a heavy current, but 
it is far from constant. It has the advantage, however, 
that, being a one-fluid cell, it may be allowed to lest 
without being dismantled, except that the zinc should 
be removed. 

Probably the most serviceable cell for all-round work in 
the laboratory is some form of copper oxide cell. It has 
the great advantage that it may be allowed to rest without 
being dismantled. The local action is generally negligible 
and the internal resistance is small. But unfortunately the 
E.M.F. is low, which increases the cost of a cell that in any 
case is expensive. , 
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In electrical measurements the three quantities which 
are most frequently determined are resistance, current and 
electrical pressure. These are very simply related by the 
well-known law of Ohm, and consequently, if any two of 
these quantities have been determined for any circuit to 
which this law applies, the third is readily deduced. In order 
to carry out such measurements certain instruments are re¬ 
quired and standards are necessary for reference. The legal 
English standards for these quantities are three instruments 
which are kept in the laboratory of the Board of Trade in 
Westminster. These standards were rendered legal by an 
Order in Council on the 23rd of August, 1894,* and are 

* Superseded in 1910 by the Order in Council of January 10th of that 
year. 
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of value for the purpose of checking the accuracy of other 
instruments of a similar kind. They are not in any sense 
arbitrary standards, for they depend upon certain pro¬ 
perties which have been carefully determined at intervals. 
Thus, in the preamble to the Order in Council of 1910, it is 
stated that the ohm is equal to 10° C.G.S. units, and is 
represented by the resistance offered to an unvarying 
electric current by a column of mercury, at the teihpera- 
ture of melting ice, 144121 grammes in mass, of a constant 
cross-sectional area and of a length 106-300 cm. The 
standard ohm is a wire which has been carefully adjusted 
to the resistance of an ohm as above defined. Similarly, 
the ampere has one-tenth the value of the C.G.S. unit, and 
is represented by the unvarying electric current which 
deposits silver, under certain conditions, in a silver volt¬ 
meter at the rate of 1-11800 milligrammes per second. 

From the above it is seen that the practical units called 
the ohm, the ampere and the volt arc defined in terms of 
the C.G.S. units. Of the relations between the practical 
and the C.G.S. units there can be no question, as it is a 
matter of definition. But the values of the practical units 
in terms of the properties of certain bodies, although 
definite, are not fixed, because they are the results of 
experience and investigation. For example, the practical 
definition of the ohm depends upon our knowledge of the 
specific resistance of mercury expressed in C.G.S. units. 
The value of this resistance does not change; but as our 
knowledge of its value becomes more and more extended 
the results of past investigation have to give way to those 
of more' recent determinations. Hence it is that the 
expression of the i hm in terms of the resistance of a column 
of mercury has been changed from time to time, and there 
arc a corresponding number of ohms; for example, the 
B.A. ohm, the legal ohm (1884), the “ true ” obm and 
the “ international ” ohm (1894 and 1908). These various 
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units merely indicate that the state of our knowledge has 
changed. 

In 1908 the International Conference of Electrical Units 
and Standards, held in London, adopted the arbitrary 
figures of 106-300 cm. as the length of the mercury column 
and 0-00111800 gramme as the electrochemical equivalent 
of silver ; not that these figures are absolutely correct, but 
they afe very near the truth, and it is confusing for practical 
purposes to have such quantities changed from time to time. 

Ihe Order in Council of 1894 gave a legal status to the 
Clark cell as a standard of electrical pressure. No mention, 
however, is made of standard cells in the Order of 1910, and 
consequently they have no legal standing, though largely 
used, at the present day. 

CONDITIONS TO BE FULFILLED.—A voltaic cell is a 
very convenient standard of E.M.F., provided certain condi¬ 
tions can bo fulfilled. These may be summed up as follows :— 
(1) The cell should be readily reproducible, i.e., the E.M.F. 
should be the same, within certain limits, when the cell is 
set up by different people using chemicals from different 
sources. (2) The E.M.F. should preferably not change 
with age. (3) If the E.M.F. changes with the temperature 
the change should be definite, and the E.M.F. should have 
a constant value at any given temperature. This condition 
applies to physical changes in general. (4) The cell should 
be portable if possible. 

These conditions are difficult to fulfil, and therefore a 
great deal of investigation has been necessary in order to 
find a cell which is really satisfactory. The silver chloride 
or De la Rue cell was at one time suggested as a standard. 
Raoult* and Lodgef attempted to use the Daniell cell. 
Fleming J after a careful investigation, introduced a special 

• Ann. de Chim. et de Phys., 4fch series, Vol. II., p. 334, 1864. 

t Phil. Mag., 5th series, Vol. V., p. 1, 1878. 

t Phil. Mag., 5th series, Vol XX., p. 126, 1885. 
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form of Daniell cell as a standard, but it was troublesome 
to set up, and was wanting in portability and permanence. 
The first really successful standard was that introduced 
by Latimer Clark* b 1873, which is known as the Clark 
cell, and which, after certain modifications as to the treat¬ 
ment of the materials, was finally given a semi-legal position 
in this country, as already stated. 

THE CLARK CELL. 

THE BOARD OF TRADE CLARK CELL—The cell 
referred to in the preamble to the Order in Council of 1894 
is generally known as the Board of Trade cell, or more 
briefly as the B.T. cell. The method of construction was 
given in detail at the same time in a specification, which was 
reproduced in full in the first edition of this work. At the 
present time, however, the Board of Trade cell has entirely 
lost its importance, and therefore we shall only describe it 
briefly. 

The cell is shown in section in Fig. 164. It is conveniently 
set up in a “ sample tube.” The electro-negative element 
is mercury, and contact with this is obtained by a platinum 
wire sealed into a small glass tube. Above the mercury is 
a paste made up of mercurous sulphate, crystals of zbc 
sulphate, saturated zbc sulphate solution and a little 
mercury. The mercurous sulphate acts as a depolariser 
and the zbc sulphate as the electrolyte. The electro¬ 
positive element is a zinc rod. A piece of cork is used to 
carry the zinc and the glass tube protecting the platbum 
terminal, and the cell is completed by sealbg with marbe 
glue, which may be rendered more permanent by coating 
with sodium silicate solution. 

All the constituents should be pure. If the zbc sulphate 
is acid, the crystals should be dissolved and zbc oxide 

* Phil. Tram.', Vol. CLXIV., p. 1, 1874; Journal Soo. Tel. Eng. ’ 
Vol. VII., p. 83, 1878. 
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added to the extent of 2 per cent, of the weight of the 
crvstals. The solution is then wanned, but not above 
30°C., and when it is free from acid some mercurous sulphate 
is added, to the extent of about 12 per cent, of the crystals. 
The solution is filtered while still warm, and, if properly 
carried out, crystals form on cooling. The paste is formed 
bv adding saturated zinc sulphate solution, as above pre- 
pvred, to washed mercurous sulphate, adding also zinc 
sulphate crystals from the stock solution and a little mer- 



Fig. 164.—Board of Trade Clark Cell (full &iae). 


cury. These are shaken together to form a paste of the 
consistency of cream, and this is heated to a temperature 
not exceeding 30°C. for an hour, the paste being agitated 
from time to time. Crystals should then be visible through¬ 
out the mass. In setting up the cell, the platinum wire is 
heated red hot to clean it, and is then placed in the mer¬ 
cury ; the whole of the wire protruding from the glass tube 
must be below the surface of the mercury. The cork, after 
being suitably bored to take the tube and the zinc, and 
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nicked so as to allow air to escape when being inserted, is 
washed thoroughly in warm water and left to soak for some 
hours before use. It is then dried. After the paste has 
been put into the cell the zinc is placed in position in the 
cork, which is then threaded on to the tube containing the 
other terminal, and pressed down into position. Such, 
briefly, is the method of setting up the Board of < Trade 
Clark cell. The E.M.F. of such a cell should be 14.'So volts 

at ir»°c. 

It will be realised that the essential constituents of the 
Clark cell are mercury, mercurous sulphate, zinc sulphate 
and zinc (or its equivalent in zinc amalgam). These may 
be varied in the form in which they are put together and 
in the methods by which they are prepared. 

The Board of Trade form of cell did not prove satisfactory 
in practice, more particularly from the point ot view of 
permanency. Other methods have, therefore, been de¬ 
veloped for preparing the materials, and the tube form has 
been generally discarded in favour of the H-form. 

NOTES ON THE PEEPAEATION OF MATEEIALS.— 

In regard to the preparation of materials, the reader 
should refer to the methods followed by Kahle (given 
on a later page) and those described in connection with the 
Weston cell. The following general notes, however, may 
prove useful, as being introductory to these specialised 
methods. 

The Mercury .—The purity of the mercury is a matter of 
great importance, it being essential that there should be no 
electro-positive impurities present, such as zinc. It is 
generally possible to purchase re-distilled mercury which is 
sufficiently pure for the purpose, but it is sometimes pre¬ 
ferable to carry out the necessary purification. 

The usual method of purification is by distillation in 
vacuo. Before this is effected, the mercury piay be agitated 
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with dilute nitric acid to remove the oxide. If reddish 
brown fumes appear during this treatment the acid is 
too strong, and should be diluted. After shaking for 
some time, the mercury is washed by decantation until 
free from acid, and is dried as far as possible by means of 
blotting paper. This drying may be conveniently com¬ 
pleted by allowing the mercury to flow through a filter 
paper which has been perforated with a very small hole 
and is held in a funnel. When mercury has been used in a 
laboratory, impurities such as zinc and cadmium are 
common, and these are not readily removed by distillation. 
In such case, the mercury is electrolysed before distillation. 
The mercury is made the anode in a 2 per cent, nitric acid 
solution, a piece of platinum foil being used as a cathode. 
The more electro-positive metals go into solution, leaving 
in the mercury those of a less positive nature, which are 
afterwards removed by distillation. Details of this method 
are given later. 

To avoid the distillation of impurities and the formation 
of oxide, the mercury must be distilled in maw. For this 
purpose a number of stills have been devised, some of 
which are automatic in the production of a vacuum and in 
the supply of mercury, while others require the application 
of an air pump before they can be operated. If an air 
pump is at hand, and only a small quantity of mercury is 
required, it is simplest to make use of an ordinary glass 
retort to which a receiver has been fitted so that it can be 
exhausted. The receiver should also be in communication 
with a vessel containing concentrated sulphuric acid, as a 
good vacuum will otherwise be unobtainable. A few steel 
turnings may be placed in the retort to prevent bumping, 
but this is usually unnecessary. If the pressure is less 
than 2 mm. of mercury, the distillation goes on with ease 
and rapidity. 

Some chemists object to distillation on the ground that 
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certain impurities are sufficiently volatile to pass over 
into the receiver. For this reason distillation is sometimes 
carried out in a stream of air under reduced pressure, so as 
to oxidise such impurities. Other methods, which also 
have the advantage of greater simplicity, are occasionally 
employed. For example, after the mercury' has been shaken 
up with dilute nitric acid, or acid mercurous nitrate, and 
subsequently washed and dried as already described, it 
may be subjected t,o either of the tw'o following modes of 
treatment: (1) The mercury is shaken with a coarse 
powder, such as sugar or sand, thus causing a large surface 
to be exposed to the air, with consequent oxidation and 
removal of impurities. (2) A stream of air is forced or 
aspirated through a long column of (he mercury for a con¬ 
siderable time. In either case a good deal of dross is formed 
which contains most of the impurities and is removed by 
allowing the mercury to How through a perforated filter 
paper, or, preferably, by forcing it through clean wash- 
leather. The Author has not had personal experience of 
these methods, but they are said to give very good results. 

The Zinc .—This is generally obtainableof sufficient purity. 

The Mercurous Sulphate .—The experiments of Rayleigh 
indicate that the mercurous sulphate serves to maintain 
the purity of the mercury and to produce greater steadiness 
of the E.M.F. It also plays the part of a depolariser. 

As pointed out by Swinburne, pure mercurous sulphate 
mav be obtained by adding an excess of zinc sulphate to a 
solution of mercurous nitrate, both of which reagents are 
easily obtainable in a pure condition. After removing the 
jdne nitrhte which is formed, the mercurous salt is ready 
for use, but as it is then moist a large excess of zinc sulphate 
crystals must be added in making up the paste.* Many 
other methods have been used, as detailed later. 

* Brit. Assoc. Report, 1884, p. 651, and Phil. Trans., Vol. CLXXVI., 
9, 781. 1885. 
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Mercurous sulphate, as purchased, varies considerably 
in colour, according to its state of purity. A grey colour 
probably indicates the presence of free mercury, which is 
not objectionable. A yellow colour is due to basic salts, 
which should be avoided. The most serious impurity 
is mercuric sulphate, which breaks up in the presence of 
water,into acid and a yellow basic sulphate', called tur- 
peth mineral. Even mercurous sulphate undergoes hydro¬ 
lysis in the presence of water, and consequently washing 
with water as a means of purification has now been aban¬ 
doned. The mercurous sulphate is the ingredient which 
has given the most trouble in arriving at a satisfactory 
result. 

The Zinc Sulphate .—Impurities in the zinc sulphate may 
have a considerable effect upon the E.M.F. The salt should 
- be tested for iron, preferably by adding a drop of ammo¬ 
nium sulphide, which gives a perfectly white precipitate if 
no iron is present. Potassium thiocyanate gives a red 
colour if the salt contains iron in the ferric state. Iron 
may be removed by Kahle’s method, which is described on 
page 332, but it will be found far simpler to purchase sulphate 
which is free from this impurity. Fortunately, crystal¬ 
lisation provides an easy means of purification, and electro¬ 
lysis has also been used for this purpose. 

The object in keeping to a temperature below 30°C. is 
to obtain crystals having the formula ZnSO,. 7H 2 0, t.e., 
with seven molecules of water of crystallisation. If 
crystals form at a higher temperature than 39°C., a lower 
hydrate is formed and the E.M.F. is affected. Clark cells 
should not be employed at a higher temperature tnan 35°C. 

Free zinc oxide in the final solution is objectionable 
because it would react with the mercurous sulphate which 
is added in making up the paste, zinc sulphate and mer¬ 
curous oxide being formed. The latter might be deposited 
on the zinc and affect the E.M.F. Consequently, in the 
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Board of Trade instructions, sufficient mercurous sulphate 
is added in the preparation of the zinc sulphate to combine 
with all the zinc oxide originally added to the solution. 

At the National Physical Laboratory, purchased zinc 
sulphate is dissolved in hot water, and a slight excess of 
pure zinc oxide, together with a little hydrogen perox Je, 
is added. The peroxide assists the oxidation of any iron 
salts to the ferric state. The mixture is heated on a water 
bath (heated electrically to avoid the possibility of zinc 
sulphide being formed from gas fumes) for four hours. It 
is then filtered and made acid to the extent of about 2 paits 
in 10,000 with sulphuric acid. A mixture of ZnSO,.7HjO 
and ZnS0 4 .fiH,0 (the latter forming at 39°C) isthenseparated 
by evaporation of the solution at 100°0., and subsequent 
cooling by a freezing mixture. The crystals so obtained 
are washed twice with distilled water and then dissolved 
to form a practically saturated solution, from which zinc 
sulphate crystals are obtained by slow evaporation at room 
temperature. A second re-crystallisation gives crystals 
suitable for standard cells. 

Progress of the neutralisation may be tested by means of 
litmus paper, of which the red colouration will be observed 
to become less and less marked as time goes on ; but after 
four or five hours it will cease to diminish further. The 
dull port wine colour that continues cannot be diminished, 
as it does not indicate the presence of acid, but is due 
to the inherent acidity of zinc sulphate which cannot be 
removed. 

Setting up a Tube Cell .—The platinum should be sealed 
into the 'glass protecting tube by means of enamel, which 
is sold in sticks for this purpose by practical glass blowers. 
White enamel is generally unsuitable for this work, the pink 
or blue coloured enamel being preferable. Unless the 
platinum wire is surrounded by enamel the glass is liable 
to crack on cooling. Lead glass is free from this difficulty. 
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but it blackens unless it is worked at the extreme end of the 
blowpipe flame. The platinum wire is allowed to extend 
about half an inch beyond the glass at either end, and a 
copper terminal wire is soldered to one end. 

The paste is most conveniently introduced into the cell 
by means of a dry funnel, great care being taken that the 
paste (Joes not touch the upper part of the tube. If the 
sides of the tube above the cork become soiled by the 
paste, the liquid in the cell rises by capillary action 
between the glue and the glass, and may damage the 
seal. 

While the paste is being introduced the platinum should 
be kept in position so that it does not rise out of the mer¬ 
cury. When this operation is complete, the cork, with the 
zinc in position, is passed over the glass tubing containing 
the platinum, which is still kept in place, and pushed down 
until it is nearly in contact with the paste. The corks arc 
more easily handled if they are not completely dried ; 
removal of the adherent water by means of filter paper 
will be found sufficient. 

It is preferable to have the zincs in all cells dipping to 
the same extent into the paste, and all passing into the 
crystals which collect on the surface of the paste, not 
merely into the clear solution. It appears that contact 
between the actual paste and the zinc may give rise to 
unsteadiness if the cell Is shaken, owing to fresh parts of 
the zinc coming into contact with the paste ; but the zinc 
should at least dip into the crystals covering the paste. 
A saturated solution containing crystals is not necessarily 
saturated at the top; and therefore, if the zinc dips merely 
into the solution, the E.M.F. may be due to an unsaturated 
solution, and may differ from the E.M.F. of a cell in which 
the zinc passes into the crystals. 

Undue heating of the cells by the melted marine glue 
used in the sealing may be avoided by standing them in 



326 


PRIMARY BATTERIES. 


Board of Trade instructions, sufficient mercurous sulphate 
is added in the preparation of the zinc sulphate to combine 
with all the zinc oxide originally added to the solution. 

At the National Physical Laboratory, purchased zinc 
sulphate is dissolved in hot water, and a slight excess of 
pure zinc oxide, together with a little hydrogen perox Je, 
is added. The peroxide assists the oxidation of any iron 
salts to the ferric state. The mixture is heated on a water 
bath (heated electrically to avoid the possibility of zinc 
sulphide being formed from gas fumes) for four hours. It 
is then filtered and made acid to the extent of about 2 paits 
in 10,000 with sulphuric acid. A mixture of ZnSO,.7HjO 
and ZnS0 4 .fiH,0 (the latter forming at 39°C) isthenseparated 
by evaporation of the solution at 100°0., and subsequent 
cooling by a freezing mixture. The crystals so obtained 
are washed twice with distilled water and then dissolved 
to form a practically saturated solution, from which zinc 
sulphate crystals are obtained by slow evaporation at room 
temperature. A second re-crystallisation gives crystals 
suitable for standard cells. 

Progress of the neutralisation may be tested by means of 
litmus paper, of which the red colouration will be observed 
to become less and less marked as time goes on ; but after 
four or five hours it will cease to diminish further. The 
dull port wine colour that continues cannot be diminished, 
as it does not indicate the presence of acid, but is due 
to the inherent acidity of zinc sulphate which cannot be 
removed. 

Setting up a Tube Cell .—The platinum should be sealed 
into the 'glass protecting tube by means of enamel, which 
is sold in sticks for this purpose by practical glass blowers. 
White enamel is generally unsuitable for this work, the pink 
or blue coloured enamel being preferable. Unless the 
platinum wire is surrounded by enamel the glass is liable 
to crack on cooling. Lead glass is free from this difficulty. 



STANDARD CELLS. 


329 


SOURCES OP ERROR IN THE BOARD OP TRADE 
CLARE DELL.—Both the construction of the cell and the 
preparation of the materials are open to a good deal of 
criticism. The chief objection to the method of con¬ 
struction lies in the position of the zinc. This may dip 
merely into clear solution, or it may pass into the layer of 
crystals which collect on the top of the paste, or it may 
pass into the paste itself. The position is not clearly 



defined hi the specification. If it lips only into the 
■solution it may really be in contact with solution that is 
unsaturated, as already explained. If it passes into the 
crystals or into the paste it may then be partly in saturated 
and partly in unsaturated solution, and local action may 
■occur. The conditions, therefore, are not very definite. 
■The best knowp form of cell in which this defect is remedied 
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is the H-form, due to Rayleigh* This consists of two 
small test tubes connected by a cross tube as shown in 
section in Fig. 163. A platinum wire, A, is sealed into the 
bottom of each tube, one making contact with mercury, and 
the other with the zinc amalgam. Above the mercury is a 
layer of mercurous sulphate. The cell is filled with a satu¬ 
rated solution of zinc sulphate above the level of the cross 
tube, a few crystals being also added, and the test tubes are 
closed with indiarubber corks. In this cell voltaic action 
can take place only at horizontal surfaces of mercury or 
amalgam, which are in contact, with saturated solution. 
The result is therefore definite. This arrangement of the 
constituents of a cell appears to be of considerable impor¬ 
tance, and it is probable that unsatisfactory results are 
liable to be obtained in the Board of Trade form even if 
the materials are satisfactorily prepared. In fact, the . 
Author has found that cells set up in the Board of Trade 
form, but with materials which had been prepared accord¬ 
ing to Kahle’s method (described hereafter), and which had 
given excellent results in H-iorm cells, were far from satis¬ 
factory at the end of six years. 

Apart from the form of the Board of Trade cell, the 
methods of preparing the materials are not sufficiently 
definite to ensure the best results. 

We will now pass on to a description of Kahle’s cell, 
and his method of preparation, in which these defects have 
been removed. 

KAHLE’S H-FORM OF OLARK CELL.—The form of 
cell used by Kahle is illustrated in Fig. 166. It only 
differs from Rayleigh’s form in that the cross tube is 
rendered unnecessary by uniting the two side-tubes at 
the top. 


* Phil Tram., Vo). CLXXV., Part 2, pp. 411-400,1884. 
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The construction ot ttie ceu and the preparation of the 
materials are described by Kahie* as follows : 

Construction of the Cell. 

The vessel used for the oell consists, as shown in the figure, of 
two vertioal branches closed at the bottom, and joined at the top 
into a neck closed by a ground-glass stopper. The diameter of the 
branches should be at least 2cm., and their length 3om. The 
neck of. the vessel should be l'5cm, wide, and at least 2cm. long. 
Platinum wires about 0 4mm. thick are fused into the bottom of 
both branches. 

The vessel is filled in a manner depending upon whether the cell 
is to be used at the place of construction or is to be transported. 

In the former case pure mercury is poured into one branch, and 
into the other an amalgam of about 90 parts of mercury and 
10 parts of zinc, which is fluid when hot and solidifies on cooling. 
The platinum wires must be completely covered by the mercury 
and the amalgam respectively. Upon the mercury is poured a 
layer of paste 1cm. deep, made by rubbing together merourous 
a sulphate, mercury, zinc sulphate crystals, and concentrated solution 
of zinc sulphate. This paste and the amalgam are then both 
covered with a layer 1cm. deep of zino sulphate crystals, and finally 
the whole vessel ib filled with concentrated zinc sulphate solution 
until the stopper on being introduced just touches the surface. 
Care should, however, be taken that the vessel contains a small 
air-bubble, since that prevents its bursting in the case of a great 
rise of temperature. At the final closing of the vessel the glass- 
stopper is brushed over at its upper edge with shellac dissolved in 
alcohol and then firmly inserted. 

If the cell is to be sent away, a circular electroly tioally-amalgamated 
piece of platinum foil, about 1cm. across and 01mm. thick, takes 
the place of the mercury, and is firmly attached to the platinum 
wire introduced through the bottom. Zino amalgam forms, as 
before, the negative electrode, and is covered with a layer of zinc 
sulphate crystals 1cm. deep. The rest of the vessel is filled up to 
the stopper with mercurous sulphate paste. The final closing is 
effected as already described. • 

Preparation of the MateriaU to be used in the Cell. 

Mercury.—All mercury to be used in the cell should be purified 
by the ordinary processes, and distilled in vacuo. 

Zinc.—The commercial pure zinc may be used without treat¬ 
ment. To prepare the amalgam, add one part of zinc to nine parts 

* Zeittekrifi fOr lntlrvmmUnkunit, 1893; The Electrician, Yol. XXXI, 
p.265, July 7,1^93.' 
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of mercury, and keep both in a porcelain dish at lOOieg., stirring 
gently till the zinc is completely dissolved in the mercury. 

Zinc Sulphate .—Before use test the commercial zinc sulphate for 
acid with litmus and for iron with potassium sulpho-cyanide. If 
it is sufficiently pure it may be at once re-crystallised in the way 
detailed below. If it contains appreciable traces of free acid, equal 
parts of the zinc sulphate and distilled water are boiled with zinc 
tilings in a suitable porcelain dish until no further gas is given off 
at the zinc, and the solution shows after cooling a white, or, in the 
presence of a ferric hydrate, a brownish precipitate of zinc hydrate. 
If the solution is free from iron it may be filtered off after 
standing for two days. Otherwise it is again heated to 60 or 
80deg., and electrolysed for six hours with a current not exceeding 
0'2 ampere, the electrodes being two pieces of platinum foil of about 
50 sq. cm. surface suspended in the liquid. The liquid having 
cooled over night, litmus is again employed to test whether auy 
acid has been formed during electrolysis. In that case the boiling 
with zinc filings must be repeated, and the solution again elec¬ 
trolysed by weak currents. It is therefore well to cover the 
vessel containing the solution with a glass plate, so that but little 
water vapour can escape. As soon as the solution is sufficiently 
free from acid and iron it is filtered off. To each litre of the 
filtrate about 50gm. of mercurous sulphate, free from acid, are 
added and well stirred. The mercury salt will in general assume a 
yellow colour after long standing. If the solution has stood for a 
day, and a portion of it, on being shaken up witA more mercurous 
sulphate, doeB not turn perceptibly yellow, the solution may be 
filtered oft' and concentrated in a flat porcelain dish over a water 
bath. Here care must be taken that the crystals do not form at too 
high a temperature, as otherwise they easily lose a portion of their 
water of crystallisation. To secure this the flame under the water 
bath is extinguished, and the dish left in position covered with a 
glass plate. If after further cooling no crystals are separated, 
further concentration is necessary. If the heating was too pro¬ 
tracted. and the crystals were formed under unfavourable 
conditions, a little water must be added and the whole warmed 
until everything is re-dissolvod. The concentrated solution is 
poured off, and either further evaporated or kept for further use. 
The last traces of the solution are removed from the orystals by 
letting the dish stand for some time in a slanting position. It is 
not advisable to sharply dry the crystals, as they thereby lose 
water of crystallisation. For the same reason they must be kept 
in a dosed vessel. 

Afrretwou* Sulphate.-— The mercurous sulphate used must not be 
coloured yellow by basic salt If that should be tty» case, stir Up 
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one part of the salt with two parts of distilled water, and add, with 
constant stirring, so much of a solution of one part of sulphuric 
acid to 1,000 parts of water as is necessary to make the colour 
disappear. Then pour off the liquid and wash the paste several 
times with distilled water, but without thereby causing another 
yellow colouration. If the sulphate is white to begin with, and 
only shows a faint yellow colouration after considerable time on 
shaking up with distilled water, it may be used at once. If this 
colouration is not shown on shaking up with water, the salt must 
be washed several times with distilled water until the first traces 
of yellow colouration appear. If it has been necessary to wash 
the salt, the water should be driven off as much as possible by 
mechanical means. If dried by heat the yellow colouration will 
re-appear. In order to avoid keeping moist salt, only so much 
of it should be treated by the above process as is necessary for the 
purpose in hand. 

To prepare the paste, two parts of the sulphate should be added 
to one part of mercury. If the sulphate is dry, it should be stirred 
up into a paste with zinc sulphate crystals and concentrated zino 
^ulphate solution until the whole forms a stiff mass everywhere 
permeated by zinc sulphate crystals and small globules of mercury. 
But if the sulphate is wet, only zinc sulphate crystals should be 
added, taking care, however, that they are in excess, and are not 
dissolved even after prolonged standing. Here, also, the mercury 
must permeate the paste in small globules. It is well to crush the 
zinc sulphate crystals a little before using, so that the paste may be 
more easily manipulated later on. 

Details of Construction. 

For the preparation of cells containing mercury as the positive 
electrode, the following details should be attended to: Before 
introducing the hot zinc amalgam place the glass vessel, well 
cleaned and carefully dried, into a hot-water bath. Then pass a 
suitable thin-walled glass tube through the neck of the vessel on to 
the bottom of the branch which is to contain the amalgam. The 
tube ought to be as wide as is consistent with the dimensions of 
the vessel. It is intended to protect the rest of the vessel from 
contamination. The amalgam is introduced by means of a glass 
tube about 10cm. long drawn out into a point, the other end being 
provided with an indiarubbar tube about 3cm. long closed by a 
short glass rod. The point of the tube is inserted below the surface 
of the liquid amalgam heated in a dish, and a portion of the 
amalgam is suoked into the tube by compressing and releasing the 
indiarubbar. Thy point is then quickly freed from external 
impurities derived from the surface of the amalgam, introduced 
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into the oetl through the wide tube, end emptied by pressure on 
the indierubbar. The point ought to be eo fine that the amalgam 
doee not issue except on prawing the rubber. The process is 
continued until the branch contains the required quantity of 
amalgair. The vessel is then taken out of the water bath. After 
cooling, the amalgam should adhere firmly to the bottom of the 
vessel and exhibit a bright metallic surface. 

To introduce the mercury and the paste a suitable funnel with a 
long tube is used. The paste should not touch the upper walls of 
the vessel, but may be pushed in with a glass rod if too stiff to flow. 

Before pouring in the zinc sulphate solution, the paste and the 
zinc amalgam should be covered with zinc sulphate crystals, as 
thess prevent a oreeping up of the paste after wetting with the 
solution. In filling, the zinc sulphate crystals and the paste should 
not contain large air-bubbles. These may be removed by knocking. 

Kahle lays stress upon the fact that the mercury should 
be free from any electro-positive metals, that zinc sulphate 
crystals should be always present in excess, and that the 
solution should contain no free acid. 

The boiling of the zinc sulphate solution with zinc filings 
(which should be tested for iron) is most conveniently 
carried out in a flask which is fitted with a cork and a 
vertical open glass tube about 3 ft. in length ; the latter 
acts as a condenser, returning the condensed steam to the 
flask, and keeps the solution of the same strength through¬ 
out the operation. It is not easy to see when bubbles 
of hydrogen cease to be evolved, as mentioned in the 
instructions, but it will be found sufficient to boil for three 
or four hours. At the end of that time a precipitate of 
me hydroxide forms on cooling, showing that no free acid 
is present. 

The crystallisation of the zinc sulphate is a little trouble¬ 
some to carry out successfully when one is unaccustomed 
to the process. The Author has found it best to stop the 
evaporation as soon as a decided incrustation begins to 
form on the dish at the edge of the liquid. When that is 
•o the dish should be covered with a clock glass and allowed 
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to cool slowly. With a little practice a goed yield of the 
required crystals can be. obtained without fail, but it is 
generally advisable to determine the amount of water of 
crystallisation in order to be certain that the crystals are 
sufficiently hydrated. 

Kahle states that cells set up according to his method 
seldom differ in E.M.F. by so much as 0 0001 volt, i.e., by 



Fig. 166.—Kahle’s H-form of Clark Cell (full aize). 


one part in 14,000. The accuracy is therefore vejy much 
greater than in the case of the Board of Trade cell. The 
permanency also appears to be far more satisfactory. Of four 
cells which the Author set up, the difference, after six and 
a-half years, of any one of them from the mean value of 
the four cells was seldom greater than 0-0001 volt, and the 
mean arithmetieal difference did not exceed 0 00006 volt. 
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About 15 years later the differences from the mean value 
varied from less than 0 0001 volt to 0 0007 volt, and the 
mean arithmetical difference was about 0 0003 volt. 

The only objection to Kahle’s cell is that it is not very 
rimple in its construction and in the preparation of the 
materials. In common with all H-form cells, it has the 
disadvantage that it cannot be placed in a water bath; 



ou must be used, which is less convenient,* aiid a more 
or less complicated stand must be made tq support it. 
If the glass stopper carries a thermotneter dipping into 
the solution, as used by Kshle, then, of course, a bath is 
unnecessary for the observation of temperature; but such 
. a thermometer increases the cost and can only give approxi¬ 
mate indications owing to its shortness and the smallnds 
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of the graduations. It is therefore simpler, and really as 
effective, to make cells with a plain stopper, as shown in 
Fig. 166. 

Fig. 167 shows a modified H-form cell devised by the 
Author to overcome this inconvenience. The platinum 
wires are sealed in and brought up through small glass 
tubes which protect them from the bath. The limb A is 
made with a square end, so that the cell can stand without 
support, and contains the mercury, while the limb B is 
made with a rounded end, as the ama'gam is liable to crack 
the tube if made otherwise. The difficulty may also be 
overcome by using internal wire terminals, as mentioned 
later in describing the Weston cell. 

The Rayleigh H form of Clark cell is now generally 
adopted in Great Britain and the United States. The 
..observations of G. A. Hulctt and F. A. Wolff, in America, 
and of F. E. Smith, at the National Physical Laboratory, 
show that when the materials are prepared with care Clark 
cells are as reproducible and as constant as Weston cells. 

TEMPEBATUBE COEFFICIENT AND LAG.— Since 15°C. 
is regarded as a normal mean temperature, the value of 
the E.M.F.,E,of a cell at any temperature, t, is generally 
expressed in the form of an equation as follows : 

E t ==E li U+a(15-<)+&(15-<H, 

in which E, 5 is the value of the E.M.F. at 15 deg., and a, b 
are constants. The last term is always very small, and may 
be neglected in all ordinary measurements, in which case a 
is known as the temperature coefficient. It is very generally 
assumed that this coefficient for the Clark cell is 0-08 per 
cent., or, in other words, that the E.M.F. falls O’OOll volt 
for every degree Centigrade rise in temperature. 

In experimental work involving the use of the Clark 
cell, temperature corrections have to be frequently intro* 

12 
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duced owing to the high value of the temperature coefficient. 
In order to avoid such corrections, A. Campbell* has sug¬ 
gested an automatic compensator which consists of a 
Leelanche cell and four resistances of two different materials. 
The latter arc so arranged that, on account of tliei r different 
temperature coefficients, the necessary E.M.F. is added to, 
or subtracted from, that of the standard cell, thus eliminat¬ 
ing the correction. 

The accepted value of the temperature coefficient is the 
result of a number of observations by different observers on 
cells which were carefully maintained at various tempera¬ 
tures for a considerable time. In practice, however, the 
temperature is always changing to some extent, and it 
therefore becomes a matter of some importance to determine 
how quickly the E.M.F. of a cell follows variations in 
temperature. These changes depend not merely upon tluv 
equalisation of temperature, but more particularly upon 
the varying solubility of the zinc sulphate, upon diffusion, 
upon solution and re-crystallisation. Changes in the 
E.M.F. would, therefore, be expected to lag behind those 
of temperature. 

To investigate the question of lag, Prof. Ayrton and 
the present Authorf submitted Board of Trade cells to 
cyclical changes of temperature through 8 or 10 deg. at a 
constant rate. The temperature was first raised and then 
lowered, or vice versa, the cell being brought back to the 
initial temperature at the end of the experiment. It was 
found that cells respond very readily to changes in tem¬ 
perature, even changes of 01 deg. being often quickly notice¬ 
able. ' But it was observed that the full change did not, 
as a rule, take place until after the lapse of a considerable 
time, and that a cell generally failed to give its initial E.M.F. 
when the cycle was completed. In Fig. 168, curve A 

• Phil. M%., Vol. XLV„ p. 274, 1898. 

f Proc, Roy. Soc., Vol. UX., p. 308, 1895. 
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shows the result obtained in one of the experiments, in 
which the cell was subjected to a fall and a subsequent rise 
of temperature at a practically uniform rate of 1 deg. in 


Temperature in degrees Centigrade. 

0 12 3 4 



Fig. 168.—Curves showing the lag in H-form Cells os compared with 
Board of Trade Cells. ^ 

A. An average curve for B.T. Cell. Rate of I B H-form, 1 deg. !n 15 min. 
change of temperature, 1 deg. In 15 min. C. „ l deg. in 30 min. 
(from Ayrton andCxiper’s Paper). ID. „ 1 dcj. in 7 mtn. 


15 mmutee. This curve shows the connection betwlen 
E.M.F. differences (from the standard) and the temperature. 
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and is seen to be a more oi less closed curve, the enclosed 
area being due simply to lag. In some cases the curve is 
closed, but generally that is not so, and the cell acts as if 
i s E.M.F. were raised or lowered by a small amount de¬ 
pending upon the direction in which the temperature has 
been raised. It is probable, however, that the cells would 
regain their initial condition by the following dav, apd that 
the curves would all be closed if the observations were 
continued long enough. It thus appears that there is 
always what may be called a “ simple lag,” which may be 
removed by a comparatively short interval of constant 
temperature, and there is also often what may be termed 
a " semi-permanent lag,” which varies in amount and 
requires many hours of steady temperature for its complete 
removal. On account of the pronounced character of the 
lag in the Board of Trade form of cell the effective tern-.- 
perature coefficient is liable to be somewhat smaller than 
the accepted value. 

Callendar and Barnes* have given records illustrating 
the slowness with which the E.M.F. may follow a sudden 
rise of temperature under certain conditions. Two cells 
of the Board of Trade type, exactly similar, were taken from 
a constant temperature bath at 14°C. and placed in a second 
bath at 25°C. After two days one of the cells was shaken 
occasionally, and rapidly gained the correct value of the 
E.M.F., but the other cell, which was left undisturbed, 
required nearly a fortnight before the normal value was 
assumed. 

If the sine dips only into the clear solution the tempera¬ 
ture ooelficient appears to have about half the accepted 
value. Carhartf has advocated this method of construc¬ 
tion as a means of reducing the temperature coefficient, 
and he states that the E.M.F. is thereby raised 0-4 per cent. 

ipne. Roy. Soo., Vol. LXII., p. 117, 1897. 

t PM. Mag., Vol XXVIII., p. *20,1889. 
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But Rayleigh* is of opinion that there is no such change 
in the coefficient, while Callendar and Barnes state that 
any such variation from the normal value is merely tem¬ 
porary in character. There does not appear to be much 
doubt, however, that the temperature coefficient in such a 
case is much less definite. 

As would be expected, the lag in H-form cells is very 
-much'less than in the Board of Trade form. This is clearly 
shown by the curves B, C and D in Fig. 108, which are due 
to Spiers, Twyman and Waters.f The Authors find that 
about half the lag in the H-form is due to lag of the cell’s 
temperature behind that of the bath. 

PORTABLE CLARK CELLS. —The ordinary Clark cell 
is portable inasmuch as it may be carried from place to 
place without difficulty ; but if it is roughly handled the 
% mercury may come in contact with the zinc and thereby 
render the cell useless. A standard cell is said to be portable 
when it may be inverted without injury. 

Portability may be gained in various ways. The most 
usual method is to eliminate the mercury by using an 
amalgamated platinum wire or plate; but complete 
amalgamation is not easily effected. Probably the simplest 
way of amalgamation is to dip heated platinum into boiling 
or nearly boiling mercury, instead of the usual method of 
dipping the heated platinum into cold-mercury. KahkJ 
gives the following instructions for setting up portable 
H-form cells with amalgamated platinum as one of the 
plates :— 

The containing vessel is first filled with aqua rogia and heated in a sand 
bath until a rapid development of gas takes place at the platinum. Then 
rinse with water, pour mercury into the branch intended to contain the 
lino amalgam, and fill the entire vessel with a concentrated eolation of 

• Tit Electrician, VoL XXIV., p. 285, 1889. 

' t Diil. Mag., Sorias V., Vol. XLV., p. 285, 1898. 

I The Electrician, Vol XXXI., p. 265,1898. 
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mercurous nitrate containing a little nitric acid. Then connect tho 
mercury with tho positive and tho platinum foil with the negative pole of 
a battery, and Bend a current of about 0 5 ampere through the solution 
until the platinum foil is eovored over with firmly-attached morcurv 
globules. The whole process lasts about five minutes. Finally the vessel 
is thoroughly rinsed with distilled wator until not a trace of the nitrate 
remains. 

Tho zinc amalgam is introduced with tho precautions previously men¬ 
tioned. Aftor cooling, it is covered with zinc sulphate crystals, to which 
some concentrated zinc sulphate solution is added, so as to just cover 
them. The vessel is allowed to stand for two days, so that the crystals 
inay Bcttlo closely and form a layer impenetrable to tho paste, with which 
the whole vessel is finally filled up. 

Carhart has suggested the insertion of a diaphragm of 
cork between tho zinc and mercury in the Board of Trade 
form of cell. A porous pot was used for the same purpose 
by Feussner,* but this causes the cell to follow temperature 
variations move slowly, and appears to increase the E.M.F. 
To 2(frith of a volt above that of the H-form. r 

In Carhart’s portable cellf the zinc is cast with a foot 
which nearly fills the tube and is turned down so as to form 
a flat plate. This rests upon a wad of purified asbestos, 
which separates the mercurous sulphate paste from the 
saturated zinc sulphate solution, and thus secures porta¬ 
bility. Crystals arc placed above the zinc plate (but are 
not shown in Fig. 109), and also in the paste as usual. 

The zinc stem is protected by a glass tube cemented to 
it with an insulating wax, and thus it is in contact with 
the zinc sulphate solution only where the crystals are in 
excess. Before sealing, the cell is closed with a thin slip 
of cork, previously boiled in paraffin. Connection with the 
mercury is effected by a platinum wire sealed into the 
glass. 

In the well-known portable cells of MU2BEEAD, the mer¬ 
cury of the Board of Trade cell is replaced by a flattened 
spiral of fine platinum wire containmg a small quantity of 

* Zeitachrijlfur Instrumentalleu nde, Vol. VIII., p. 300, 1893. 

t The Electrician. Vol. XXXV., p. 844, 1895. 
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mercury, This spiral is shown enlarged on the right of 
Fig. 170. In setting up the cell, the platinum spiral is 
heated to redness and plunged into mercury, which is 
retained to some extent by the spiral. Contrary to the 
method used in setting up the Board of Trade cell, the cork, 
with the zinc and platinum in place, is first pushed into its 
final position in the tube, the ingredients being introduced 
through the hole A, which is afterwards dosed by a small 
piece of cork. 




Fia. 169. —Carhart’s 
Portable Clark Cell. 

Muirhcad’s method of preparing the paste is of interest 
on account of the simplicity of the method as compared 
with that given in the Board of Trade specification, and 
also by reason of the excellent results attained, notwith¬ 
standing this simplification. The zinc sulphate is prepared 
by adding the crystals to an equal bulk of water heated to 
boiling. When the crystals are completely dissolved, the 
solution, without boiling, is allowed to cool. Crystals 
begin to form at about 30°C., and a good yield is obtained 
if the solution & allowed to stand until the next day. No 
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precautions are taken to avoid acidity. The mercurous 
sulphate is washed by decantation and left to dry to some 
extent, after which it is mixed with a little mercury and a 
large proportion of the prepared crystals. The mixture is 
warmed to, say, 50°0., and shaken until the mixing is 
thorough and the mercury is distributed throughout the 
mass. Boiling is avoided, as it gives rise to a hard crys¬ 
talline formation. It is found advisable to leave the paste 
at least six months before use ; this probably allows any 



Fia. 171.—Muirhead’s Standard Celia, 


necessary neutralisation to take place, and gives rise to 
more constant results. 

This simple method, which has been in use for many 
years, forms the basis of the specification drawn up by 
Dr. Muirhead for the Electrical Standards Committee, but 
it was superseded by the more complicated, though appa¬ 
rently less accurate, specification of the Board of Trade. 
Dr. Muirhead states that the cells agree among themselves 
to one part in 5,000. 

<In setting up a cell of this kind the paste is shaken up, 
being warmed if necessary, and introduced by means of » 




STANDARD CELLS. 


345 


email funnel, more of the prepared crystals being added if 
required. The paste slowly settles to the bottom, covering 
the platinum spiral, and leaves the zinc free from the 
paste but surrounded by a large quantity of crystals, which 
gradually set into a compact mass ar.d remain undisturbed 
even if the cell is inverted. There is, therefore, no tendency 
for the mercury to leave the spiral. 

Fig. 171 shows the usual form in which (dark cells are 
mounted for laboratory use. The ease contains two cells 
and a thermometer. A comparison of the cells affords 
some indication as to whether the standard is changing or 
is maintaining its value, as it is unlikely that both cells 
would vary to the same extent. This method of mounting 
is convenient for general laboratory work, but is unsuitable 
if high accuracy is required, as the thermometer is short, 
jnd therefore can only be read approximately, and, further, 
the temperature of the thermometer is not necessarily that 
of the cells. 

OTHER FORMS OF CLARK CELLS, -Various other 
forms of Clark cell have been proposed from time to time, 
but have little more than historical interest. Thus, Cal¬ 
endar and Barnes* sought to overcome the diffu-ion lag 
in the Board of Trade cell by setting it up in an inverted 
form, using zinc amalgam and platinum wire both in con¬ 
tact with a mass of crystals, so that diffusion lag cannot 
exist to an appreciable extent. 

Callendar and Bamesf have also made what they term 
“ Crystal ” cells, in which the clear solution in the ordinary 
form of cell is replaced by moist zinc sulphate crystals. 
These cells were also made in an hermetically sealed form 
by fusing the glass tube. 

* British Association Report, 1897. p. 591 ; The Electrician, Vol. 
XXXIX., p. 638, and Vol. XL., p. 165. 

t Proceedings, Royal Society, Vol. LXII., p. 117, 1897; Physical 
Review, Vol. X., p*268, 1900. 
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THE WESTON, OS CADMIUM, CELL. 

The chief objection to the Clark cell is its high tem¬ 
perature coefficient, which makes the value of the E.M.B’. 
somewhat uncertain for work of the highest accuracy, 
unless the temperature of the cell is carefully controlled. 
Also, if the temperature of the cell is allowed to vary, there 
is some uncertainty produced by lag, even in the H-type. 
The temperature coefficient is largely due to the fact that 
the solubility of zinc sulphate varies a great deal with the 
temperature ; the density of the solution, therefore, changes 
with the temperature and produces a corresponding change 
in the E.M.F., and the stable condition is only reached 
after a certain period, as it depends upon solution or crys¬ 
tallisation, as the case may be, and upon diffusion, in 
orderto reduce the temperature cooffieientso as moreork^s 
to eliminate temperature corrections, E. Weston*selected 
cadmium sulphate, in place of zinc sulphate, as being a salt, 
whose solubility changes but slightly with temperature, and 
a cadmium alloy in place of zinc. In other words, the 
Weston cell is the same as the Clark cell, except that cad¬ 
mium takes the place of zinc throughout. In this way the 
temperature coefficient is reduced to 0 001 per cent., and may 
often be neglected. It should be noted, however, that the 
temperature coefficient of either element of a Weston cell 
is considerable; these individual coefficients are opposed 
to each other, and largely cancel, so that the temperature 
coefficient of the cell as a whole is very small, but for this 
effect to hold it is necessary for both legs of an H-form cell 
to be at the same temperature. 

’ The Weston cell was recommended as a standard by the 
International Conference on Electrical Units and Standards, 
which met in London in 1908. It therefore has a certain 
international standing, but so far it has no legal standing in 
• Tht Electrician , Vol. XXX., p. 741. 1303. 




STANDARD CElfS. 347 

the United Kingdom. In a schedule to the report of the 
Conference the Weston normal cell is described as follows 
Weston Normal Cell. 

The Weston normal cell may bo conveniently employed as a standard 
of electric pressure for tho measurement both of E.M.F. and of current, 
and, when set up in accordance with the following specification, may be 
taken, provisionally,* as having, at a temperature of 20°0., an E.M.F. 
of 1-0184 uolts. f 

The Weston normal cell is a voltaic cell which has a saturated aqueous 
solution of cadmium sulphate (OdS() 4 .8/3H a (>) as its electrolyte. 

The electrolyte must be neutral to congo red. 

The positivo electrode of the cell is mercury. 

Tho negative electrode of the cell is cadmium amalgam consisting of 
12-3 parts by weight of cadmium in 100 parts of amalgam. 

The depolarise:, which is placed in contact with the positive electrode, 
is a paste made by mixing mercurous sulphate with powdered crystals 
of cadmium sulphate and a saturated aqueous solution of cadmium 
sulphate. 

The different methods of preparing the mercurous sulphate paste are 
< Inscribed in the notes.J One of the methods there specified must bo 
earned out. 

For setting up the cell, the H form is the most suitable. The leads 
passing through the glass to the electrodes must bo of platinum wire, 
which must not be allowed to come into contact with the electrolyte. 
The amalgam is placed in one limb, the mercury in tho other. 

The depolariser is placed above the mercury and A layer of cadmium 
sulphate crystals is introduced into each limb. The entire cell is filled 
with a saturated solution of cadmium sulphate and then hermetically 
sc lied. 

The following formula is recommended for the E.M.F. of the cell in 
terms of the temperature between the limits 0T. and 40°0. :— 

K,«E ao -0-0000400(f—20°) -0-00000093p—20°) 2 +0-00000001 (t - 20°) 3 . 

The principal national laboratories, besides the National 
Physical Laboratory, are the Bureau of Standards at 
Washington, the Laboratoire Central at Paris, and the 
Physikalisch-Technische Reiclisanstalt at Berlin. Ttfe Inter¬ 
national Conference of 1908 appointed a Scientific Com- 

• * The specification is subject to modification by tho Scientific Com¬ 
mittee mentioned bolow. 

f See modification given below. 

X The intention is that directions should be issued by the Scientific 
Committee or the Permanent Commission as may be found necessary. 
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mittee to carry out work in connection with standards, 
and the necessary experimental work is carried out by the 
above laboratories in collaboration. 

The first and most important undertaking for this Com¬ 
mittee was to ascertain more definitely the value which 
should be assigned to the Weston cell. This involved 
completion of the specifications and a series of experiments 
with the silver voltameter, whereby the E.M.F. of the cell 
would be determined from the amount of silver deposited, 
the resistance and the time. In 1910, delegates from the 
National Physical Laboratory, the l’hysikalisch Technische 
ileichsanst-alt and the Laboratoire Central d’Electricit^ met 
at the Bureau of Standards at Washington and made 
numerous experiments with the silver voltameter and 
Weston cells. Each delegate from Europe took a number 
of cells (84 in all), and these were compared with a fourth lot 
at Washington. The mean E.M.F. of all the cells agreed 
with the mean E.M.F. of each group within less than 
0-00001 volt. 

New Weston cells were also set up at Washington with 
materials from Teddington, Paris, Berlin and Washington. 
The mercurous sulphate was made by the delegates at the 
Bureau of Standards. Comparison of the various cells 
showed agreement within from 2 to 3 parts in 100,000. 
As a result of such work and other work on the silver volta¬ 
meter, it was announced in 1911 by the National Physical 
Laboratory that the E.M.F. of the Weston cell had been 
determined to be 1-0183 international volts at 20°0. (as 
against the provisional value of 1-0184 volts recommended 
by the Conference), and that this value would thenceforth 
be used by the National Physical Laboratory. Similar 
statements were issued by the Bureau of Standards and by 
the Reichsanstalt.* 

* The Electrician, Vol. LXVI., p. 742, and Nature, Vol. J X V VV , 

p.808, mi. 
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The above is only a brief official description. There is 
so far no international agreement as to the precise methods 
to be followed in constructing the cell, and therefore some 
notes on various methods and investigations may prove of 
value. 

METHODS USED AT THE NATIONAL PHYSICAL 
LABORATORY (1907). — The method adopted at the 
National Physical Laboratory was last described in 1907,* 
and is as follows :— 

PREPARATION OF THE WESTON (CADMIUM) STANDARD 
CELL (PROVISIONAL DIRECTIONS BY THE NATIONAL 
PHYSICAL LABORATORY). 

Definition of the Cell .—The cell has mercury for its positive electrodo 
find an amalgam of cadmium, consisting of !2j parts by weight of cad- 
ruirnn to 87} parts of mercury, for its negative electrode. The electrolyte 
consists of a saturated solution of cadmium sulphate, arid solid cadmium 
sblphato is contained within the cell. A paste consisting of solid mer¬ 
curous sulphate, mercury and cadmium sulphate rests on the positive 
electrode. 

Preparation of the Materials. 

L Mercury .—Commercially pure mercury should be squeezed through 
waehlcather and passed in the finely divided condition in which it emorgoe 
through dilute nitric acid (l part of acid to 6 parts of water) and mer- 
chrous nitrate solution, and afterwards through distilled water. These 
liquids are conveniently contained in long glass tubes. The mercury is 
then distilled twice in vacuo. Mercury suspected of any abnormal con¬ 
tamination should not be employed. 

2. Cadmium Amalgam .—A current is passed fronra thick rod of pure 
commercial oadmium to distilled meroury, the intervening liquid being 
cadmium sulphate solution rendored slightly acid with a few drops of 
sulphurio acid. The kathode is weighed before electrolysis commences, 
and again afterwards; the percentage of cadmium in the amalgam is 
then calculated. More thin the requisite amount of cgdmiufi should 
be deposited, and the percentage reduced to 12} by the addition of 
mercury. To prevent the inode slime having access to the kathode 
the anode should be contained in a filter-paper cup. as in the Rayleigh 
form of silver voltameter. Contact with the kathode is made by a 
platinum wire sealed into a glass tube, the wire being that protected 

* Report of the Electrioal Standards Committee of the BntieSi' 
Association. 
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from direct contact with the cadmium sulphate solution. An approx!* 
mate estimate of the quantity of cadmium deposited is obtained from 
the readings of an ammeter placed in the circuit. The amalgam, with 
very dilute sulphuric acid flooding its surface, is melted over a water 
bath and stirred to ensure homogeneity. It is thon ready for use. % 

3. Cadmium Sulphate ..—Procure commercially pure cadmium sulphate, 

(V1S() 4 .8/3H,0. Powder in a mortar and dissolve in distilled water 
until a saturated solution results; filter the solution through a fine¬ 
grained filter paper until it is quite clear. The liquid should then be 
placed in a large crystallising dish and slowly evaporated it a tem¬ 
perature of about 35°0., when, provided that dust is excluded, many 
transparent crystals of C’dS0 4 . 8/3H s O will result. In this way about 
five-sixths of the solution may l>e evaporated {the mother liquid may 
1»e used for a preliminary washing of the mercurous sulphate, the manu¬ 
facture of which is described hereafter). Tho re-crystallised cadmium 
sulphate should be washed with successive small quantities of distilled 
water, until after standing for ten minutes no trace of acidity can bo 
detected m it with sensitive congo-rcd paper; tho crystals, still moist, 
are transferred to a stoek liottle. To prepare tho saturated solution the 
crystals are crushed in a mortir and agitated with distilled water. The 
latter may be warmed to 35°C. r 

4. Mrrcunms Sulphate .—-Add 15 cubic cm. of pure strong nitric acid 
to 100 grammes of pure mercury contained in a crystallising dish, and 
place on ono side until the action is over, or nearly over. Transfer the 
mercurous nitrate thus formed, together with tho excess of mercury, to a 
beaker containing about 200 cubic cm. of dilute nitric acid (1 of acid to 
40 of water by volume); a clear solution should result. Prepare about 
1 litre of dilute sulphuric acid (1 of acid to 3 of water by volume), and 
while the mixture is hot add the ai*id mercurous nitrate solution to it. 
The solution should bo added as a very fine stream from the narrow orifice 
of a pipette, and the mixture violently agitated during tho mixing. 
Mercurous sulphate is precipitated and rapidly settles to the bottom of 
the vessel, when the stirring eoases. Decant the hot clear liquid and wash 
tho precipitate twice by decantation with dilute sulphuric acid (1 of acid 
to 6 of water by volume). The precipitate should then be filtered. (A 
email Buchener filter funnel and a filter flask is very convenient for this 
latter operation.) Wash the precipitate threo times with the dilute 
sulphuric acid (1 to 6), and afterwards wash six or seven times with 
saturated‘cadmium sulphate solution to remove the acid. After each 
washing tho liquid should be removed as completely as possible by the 
filter pump. When these operations arc completo the mercurous sulphate 
is floodod with saturated cadmium sulphate solution and left for one 
hour ; the solution is then tested with congo-red paper In general no 
acid will be detected, and the mercurous sulphate is ready for use. It is 
pllced in a stock bottle, together with some saturated cadmium sulphate 
solution, and should be kept in the dark. If acid is detected, the washing 
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must be continued. When the cells are required for observations of ths 
highest preoiaion, the apparently neutral mercurous sulphate should not 
be immediately used. It is placed in a bottle with saturated cadmium 
sulphate solution, and at tho end of one week the latter is tested for 
acidity. The Bulphate is given another washing with tho solution, and 
may then be used if only a trace of acid is detected. 

One of tho following methods of propagation may, if dcsirod, be sub* 
stituted for the foregoing 

1. Electrolytic Method .—This preparation is conducted in a darkened 
room. Pure distilled mercury forms the anode and platinum foil tho 
cathode, the electrolyte being dilute sulphuric acjd (1 volume of acid to 
5 volumes of water). The mercury is placed in the bottom of a large 
flat-based beaker, and about twenty times its volume of tho dilute acid 
is added. Contact with tho mercury is made by a platinum wire passing 
through a glass tube, and the kathode is suspended in tho upper portion 
of the liquid. During electrolysis the electrolyte must bo continually 
stirred, an L-shaped glass stirrer being very efficient, tho foot of the L 
moving close to the surface of tho mercury. A convenient current 
density is 0-01 ampere per square centimetre of anode surface. Tho 
mercurous sulphate so prepared is filtered, and the greater part of the 
Ihercury romoved ; it is then washed with dilute sulphuric acid and 
saturated cadmium sulphate solution in a manner already described for 
the previous preparation. 

2. By Means of Fuming Sulphuric Acid. —Place distilled mercury in 
a crystallising dish so as just to cover the bottom. Add sufficient fuming 
sulphuric acid to flood the surface of the mercury to a depth of 2 mm. 
Cover with a clock glass and place on one side for 48 hours. Mercurous 
sulphate is formed and appears in the crystalline form. Carefully add 
the salt to hot dilute sulphuric acid (1 to 6) and well agitate. Decant 
the hot liquid. If any caked masses of the sulphate arc left theso should 
be rejected or crushed in an agate mortar. Wash throe times by decan¬ 
tation with hot dilute sulphuric acid, and afterwards filter and wash 
with saturated cadmium sulphate solution in the manner already de¬ 
scribed. Set aside with cadmium sulphate solution for one week rt toast, 
test for acidity, and wash as described for the first preparation. 

The Mercurous Sulphate Paste .—The mercurous sulphate is mixed 
with about one-fourth its volume of powdered re-crystallised cadmium 
sulphate, and about one-tenth its volume of pure mercury. (When the 
electrolytic sulphate is used, or that'prepared with fuming sulphuric 
acid, no mercury need be added.) To the mixture of mercurous sulphate, 
oadmium sulphate and mercury, sufficient saturated cadmium sulphate 
solution is added, so that when well mixed the whole forms a thin paste. 

Setting Up the CeB .—That type of H-form of cell which may be her¬ 
metically sealed is the most convenient; if the lower end of each Umh 

A A 
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«ii slightly constricted, the con tents of the cells are less liable to be dis¬ 
turbed. The platinum wires inside the glass vessel are amalgamated by 
passing an electrio current from a platinum wire anode through an acid 
solution of mercurous nitrate to each of the wires in turn as a kathode. 
The vessel is washed out twice with dilute nitric acid, several times with 
water, and finally with distilled water ; it is dried in an oven. A small 
pipette is used for the introduction of tho amalgam, and a small thistle 
funnel for the insertion of tho paste and crystals. The main stock of 
amalgam is flooded with very dilute sulphuric acid, and it is melted over 
a water bath ; a little of it is introduced into one of the lirfibs of the 
H-vessel. Aftor the amalgam has solidified this limb must be washed out 
several times with distilled water, care being taken to avoid wetting the 
interior of the other limb. A little distilled water is added, and the amal¬ 
gam is melted by immersing the limbs of tho H-vessel in hot water. 
After tho solidifioation of the amalgam it is washed once moro with 
distilled water. Into the other limb sufficient mercury is introduced 
to cover tho amalgamated platinum wire ; then tho paste is added, care 
being taken not to smear the sides of tho vessel. Finally, powdered 
crystals of cadmium sulphate are introduced into each limb, and saturated 
cadmium sulphate solution is added. The cell may bo immediately sealed 
with the aid of a blowpipe, but the contents must not be abnormally 
heated thereby. The cadmium amalgam introduced should cover tho 
amalgamated platinum wire. Tho depth of the paste should bo from 
0-5 cm. to 1*0 cm., and the depth of the layer of crystals about 0-5 cm. 
Twenty-four hours after tho cell has been set up it may bo used. Its 
Jfi.M.F. at 15°C. is M08 6 volts. 

Temperature Coefficient .—Tho E.M.F. at any other temperature may 
bo obtained from the formula given by tho Phys. Techn. Reiohsanstalt— 
vi*-, E/=E !fl —0-00W38(<—20)—0-00000065(t—20) a t 

or from tho formula obtained at tho National Physical Laboratory, 
E*=E 17 —0-000034 6 (<—17)—0-00Q00066(<—17)*. 

This specification is based on observations made at the National 
Physical Laboratory.. 

In a later brief statement by the British Association 
Committee,* it is mentioned that the amalgam may be 
made eithef by electro-deposition or by mechanical mix¬ 
ing. It should be fused and freed from oxide by washing 
with dilute sulphuric acid. 

'' When the cadmium sulphate is very impure the procedure 
secammended by the National Physical Laboratory is very 

-■P 'ftoport of the Electrical Standards Committee of the British Asso- 
siaUon, 1908. 
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-similar to that employed for the purification of sine sulphate. 
An excess of cadmium oxide and a little hydrogen peroxide 
are added, and the solution heated on a water bath for 
four hours. It is then filtered, and crystals are separated 
from it at a comparatively high temperature. These 
crystals are washed, dissolved in water made slightly acid 
(to the extent of 2 parts in 10,000) with sulphuric acid, and 
the crystallising processes already described are carried 
out, 

METHODS DEED AT THE BUREAU OF STANDARDS. 

Very detailed directions have also been published by F. A. 
Wolff and C. E. Waters, of the Bureau of Standards.’ 1 ' 
These directions are largely similar to the instructions given 
above, but there are certain differences. For the pre¬ 
liminary purification of mercury, electrolysis is mentioned 
%s an alternative method, using a platinum cathode in 
2 per cent, nitric acid and a current density of 0-1 ampere 
per square dm. The more electro-positive impurities 
thus pass into solution. For secondary standards, pure 
commercial zinc and cadmium may be used ; otherwise, 
the pure metal is made by electrolysis, say from a solution 
of the sulphate or by distillation. The cadmium sulphate 
is purified by re-crystallisation. In the case of zinc sul¬ 
phate, electrolysis may be employed with platinum elec¬ 
trodes, and a current density of 0-1 ampere per square dm.; 
this is continued until a clean anode no longer shows the 
formation of a film of lead peroxide, thus demonstrating the 
absence of lead. For making amalgams, the zinc or 
cadmium, as the case may be, is first treated with dilute 
sulphuric acid to remove oxide, anii is then washed ; the 
required quantity is then treated with the mercury, It is 

* “ Preliminary Specification for Clark and Weston Standard Cell*,” 
Bulktix of the Bureau of {Standards, Vol. III., p. 623,1907; and Vo). 
IV„ p. 1,1907. The latter li mostly given in TKt Eteclrician, VOL L&V 
pp. 671 and 711,1908. 

aa 8 
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preferable, however, to use the electrolytic method. The 
tarnishing of amalgams is not important. Commercial 
mercurous sulphate may contain basic mercurous sulphate, 
basic mercuric sulphate, traces of nitrate and other im¬ 
purities. Pure mercurous sulphate hydrolises in water, and 
even in dilute sulphuric acid, so that washing with water, as 
previously specified, should not be adopted. Commercial 
mercurous sulphate gives an E.M.F. higher than the normal, 
but this gradually falls. The size of grain may have an 
effect on the E.M.F., and it should be remembered that 
mercurous sulphate is acted upon by light. Pure mercurous 
sulphate may be prepared (1) by electrolysis, the mercury 
and acid being stirred to prevent the formation of mercuric 
sulphate; (2) by forming nitrate from mercury, and thence 
the sulphate ; (3) by combining the steps and acting upon 
mercury by sulphuric acid (1 part of acid to 2 of water), 
containing a small percentage of nitric acid ; (4) by the 
reduction of mercuric sulphate with mercury; (5) by re- 
crystallising commercial mercurous sulphate. For secon¬ 
dary standards commercial mercurous sulphate may be 
digested with hot dilute sulphuric acid and mercury for 
three hours at a temperature of 100°C. with vigorous 
stirring.* In making up the paste, if the mercurous 
sulphate is kept in acid, the salt must be washed first with 
sulphuric acid to remove any mercuric sulphate and then 
with alcohol. If the mercurous sulphate is white, mercury 
should be added in making the paste. ^ 

ELECTROLYTIC METHODS OF PREPARING MER¬ 
CUROUS SULPHATE. —Undoubtedly the most sensitive 
constituent of standard cells is the mercurous sulphate, 
and much labour has been spent in its investigation. The 

* A eimUar method it recommended by C. J. J. Foi (The Electrician, 
Vot LXIII , p. 835, 1909), the temperature being 120 deg. to ISO deg., 
and the time o l heating extending to a day or so. 
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various methods have been discussed by F. E. Smith.* The 
preparation of this salt has also been investigated by G. A. 
Hulett.f who prefers the electrolytic method. In using this 
method, as already mentioned, care must be taken to keep 
the newly formed mercurous sulphate from lying on the 
surface of the mercury. On this account it is an advantage 
to use an inner vessel for the mercury, as shown in Fig. 172, 
so that a good deal of the sulphate in suspension finds its 



Fig. 172.—Arrangement for Electrolytic Production of Merctiroo* 
Sulphate (Hulett). 

way into the outer vessel, where it can settle to the bottom 
without doing any harm. The stirrer is made of glass rod, 
as shown, the horizontal arm being just above the'surface 
of the mercury. The vertical part is held by a brass tube, 
b, which runs in bronze bearings in the tube h. A pulley, P, 

* Report of the Electrical Standards Committee of the Britiih Amo- 
oiation, 1904. . • 

t Physical Review, Vol. XXXH., p. *87; The Electrician, Vol, LXVII., 
p. 1*9,1911. 
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is provided, and the stirrer is driven at about 200 revs, per 
min. With fresh acid a skin forms on the surface of the 
mercury; but after interrupting the current several times, 
until the acid becomes saturated and the solid sulphate 
appears in suspension throughout the acid, there is no 
further trouble. The current density employed is from 
1 to 2 amperes per square dm. of mercury anode sur* 



, Fra. 173.—Electrolytic Production of Mercurous Sulphate with a 
! . Merourj Jet (Huiett). 

face. The resulting sulphate is grey, from the presence 
of finely divided mercury, which is an advantage, as it 
checks any tendency to oxidation. Usually 50 or 60 
grammes of the sulphate were prepared in one run. 

"% simpler' method is illustrated in Fig. 173. The diffi¬ 
culty of stirring is here eliminated by using the mercury as 
the anode and running it into the bath in a fine stream. 
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For this purpose the stem of the funnel is drawn out into a 
capillary of such a bore that it takes about five minutes 
for 10 c.o of mercury to run through. The tip is allowed 
to dip below the surface of the acid, of which the specific 
gravity is 1-15, The mercury forms a Bpray on entering 
the acid until the current (of 2-3 amperes) is allowed to flow, 
when the drops coalesce into a thread, which is mostly grey 
in colour, from the formation of sulphate. 

Alternating current has also been used for preparing 
mercurous sulphate, and this procedure is favoured by the 
Laboratoire Central d’Electricite at Palis. This method 
can be easily used by employing two streams of mercury 
flowing into the same beaker of acid, the mercury in the two 
funnels being used as the two electrodes. Hulett used a 
current of 5 amperes at a frequency of 60 ; the efficiency 
yas as high as with continuous current, and the resulting 
salt seemed to be the preferable of the two. The sulphate 
prepared by flowing electrodes is white. 

The sulphuric acid is generally removed from the mer¬ 
curous sulphate by washing with alcohol; but Hulett states 
that three washings with saturated cadmium sulphate are 
sufficient with proper precautions, the alcohol beingomitted. 

SIZE OF GBAIN OF THE MEBOUEOUB SULPHATE - 

It is generally .recognised that the mercurous sulphate 
crystals should not be so small as to have an abnormal 
solubility, or so large as to be inefficient as a depo la riser. 

The size of grain is a curious point which has been inyas* 1 
tigated by H. v. Steinwehr.* Very large crystals of mer¬ 
curous sulphate were prepared, and these werfe used partly 
in this form and partly as fine crystal obtained by pounding 
the large crystals, A difference in E.M.F. amounting, to 
Q G006 volt was-found between the fine and the large crystals, 
the fine crystals giving the higher E.M.F. It is difficult Jo 
* Zeitschrift f%r InstrumerUenkunde, VoL XXV., p. 205, 1000. 
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understand this result, except in so far as fine grains have 
a greater solubility, and therefore would give a higher 
E.M.F., but such an increase would probably be so Bmall as 
to be negligible. G. A. Hulett,* on experimental evidence, 
denies the resultsobtained by H. v. Stein wehr, and attributes 
them to hydrolysis. F. E. Smithf also failed to confirm 
v. Steinwehr's results. 


THE FORM OF CELL.— The following directions are 
given by the British Association.}; The H-form of cell due 
to Lord Rayleigh is the most convenient, and is in general 
use. Two patterns have been adopted. In Fig. 174 a form 
is shown in which the electrodes are sealed into the lower 
ends of the two vertical limbs, while in the form shown in 
Fig. 175 the electrodes pass through the glass tubes into the 
lower ends of which they are sealed. Form 1 can be her¬ 
metically sealed, and is intended to be immersed in an 
insulating liquid. Form 2 is sealed with marine glue, and 
may be immersed in ice or water. The hermetical sealing 
o£ form 1 was suggested by Lord Rayleigh§ and later by 
Prof. Carhart.U The glass tubes th.m$v 'sbkV 
tvohes are introduced in form 2 pass through corks which 
have been previously boiled in water and soaked in cad¬ 
mium sulphate solution. In addition to the hole whict 
allows of the passage of the electrode, a second hole is borec 
through these corks for the passage of small glass pipettes 
After the cell is filled, these additional holes are fitted wit! 
small corks, and the cell is finally sealed with marine glue 
The position of the various parts is shown in the figure 


LvnX’ns^imi"' V ° L XXn ’’ p ' m ’ 19061 The Vot 

♦ ( t?' BoyaI Sooiet y. voi. com, p. 393, isos. 

the ElMW °*‘ <*—•« * 


fPktt. Trmu., Vet CLXXVI., p. 43, 1888. 
I St, Lniit (bqgren, ISM. 
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(Both forms of glass vessels are stocked by A. C. Cossor, 
Ltd., of 59-G1, Clerkenwell-road, London, E.C.) 

It is sometimes found that the cell cracks where the 
platinum which makes contact with the amalgam is sealed 
into the glass. Such cracking practically never occurswith 
Weston cells. The difficulty with Clark cells may be 



Fid. 174. 


A« Amalgam. 

C-Cadmlum sulphate crystals. 
G—Marine glue. 

K-Corlc. 



Fxa. 175. 


M=Mercury! 

P=Paste. 

S-= Saturated solution of cadmium 
sulphate. 


avoided by sealing glass capillaries over part of the platinum 
wires inside the cell. When these capillaries are about 5mm. 
long the cells last for a great many years. At the National 
Physical Laboratory cells of this kind constructed eight 
years ago are still in good condition. With Kahle’s form, 
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shown in Fig. 176, there is no trouble. In this form a< 
side tube is used, and the platinum is carried down about 
2 cm. below the seal. While the amalgam is still liquid it is 
sucked half-way up the platinum and allowed to solidify, 
In this form of construction there is also less chance of the 
platinum making contact with the electrolyte. The other 
terminal should be covered with mercury to a depth of at 
least 10 mm. In sealing off the cell, a cork which fits the 




tube and has a glass rod extending from it may be con¬ 
veniently used for drawing out the heated tube. 

Q. A. Hulett* advocates the type shown in Fig. 177, 
with very much longer vertical limbs (20 cm. long). Thr 
oto» tube is at tbe same height as in the shorter form;' 
arid the s olution is only carried up a little above the cress 

Physics .Review, Vol. XXXII., p. 257, 1911; The Electrician, Vot 
fcXVJI., p. 129, 1911. 
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tube. There is, therefore, a long free space above the 
solution. The electrode wires may be made up of copper, 
with platinum at the end for sealing and to act as electrodes 
in the cell. This longer form has the advantage that cells 
can be conveniently bound together and can be placed in a 
deep bath, so that the temperature conditions are good and 
yet the.insulation is not impaired. Tube electrodes, as 
compared with those which are sealed into the cell, have the 
advantage that they can he amalgamated by holding them 
for a few minutes in boiling mercury in a test tube. 

POBTABILITY.-At the National Physical Laboratory, 
in order to make standard cells portable, constrictions are 
made in the lower ends of the tubes and a thick layer of 
linely pounded cadmium sulphate crystals is introduced 
iato each limb above the paste and the amalgam respec¬ 
tively. Saturated cadmium sulphate is then added, and 
the cells are exposed in a warm room for a week or more 
to allow some of the liquid to evaporate, and thus to cement 
together the loose crystals. This crystalline plug keeps the 
contents in their proper place, and enables the cell to be sent 
by post without risk of the constituents being displaced. 

The onlv objection to this method is that the internal 
resistance is high and varies from cell to cell, and in hot 
climates the plug must be very thick to allow for crystals 
passing into solution at the higher temperatures. On the 
other hand, care must be taken, if some other material is 
used aB a plug, not to introduce harmful bodies. This 
difficulty has been overcome by H. Tinsley,* who, as a 
manufacturer, can speak with authority on the subject, 
by using a cork ring on the under side of which is sewn a 
linen disc, thus forming a small drum head. This is forced 
down on to the top of the cadmium sulphate crystals. The 


• Tit Electrician, Vol. LXV., p. S68, 1910. 
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linen is freed from its dressing by prolonged boiling in 
water. For hot climates a few crystals are added above 
the drum head to maintain saturation. This form of con¬ 
struction, which is shown in Fig. 178, is stated to be very 
satisfactory. The internal resistance in this type of cell 
is 700-800 ohms, whereas in the older type the figure varies 
from 1,000 to 2,(100 ohms, judging by Tinsley’s, tests of 
five cells. 



Fin. 178.—Tinsley’s Portable Form of Cell. 


In order to secure portability, a special form of cell has 
been proposed by R. E. de Lury.* A single straight tube 
is used divided into two compartments about half-way 
along its length by means of a plug of asbestos. The mid 
part of the tube in both directions is shaped on the principle 
of an unspillable ink bottle, so that any free mercury cannot 
pass from one end to the other. 

V Pineal Review , Vol. XXV., p. 482, 1907; The Electrician, tnl 
LX., j>. 805. 1908. 
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E.M.F. OF H AND BOARD OF TRADE TYFE3.— 

In 1892 it was stated by Kahle, in a taper read before the 
British Association, that the H-form of cell had an E.M.F. 
0 0004 volt lower than the tube form adopted by the Board 
of Trade. This statement was generally accepted, but later 
work by F. E. Smith* has shown that there is no foundation 

for this view', for either Clark or Weston cells. 

• 

EFFECT OF COMPOSITION OF THE AMALGAM. - 

There has been considerable discussion on the percentage 
of cadmium that should be mod in the amalgam. Many 
observers have noticed variations of E.M.F. which they 
have attributed to the amalgam, but the observations have 
not infrequently been at variance. 

A careful study of the subject has been made by F. E. 
Smith,f who found that the E.M.F. properties of an amal¬ 
gam depend upon whether it is wholly solid, partly solid 
and partly liquid or wholly liquid—that is, upon whether 
there are present one or two phases, as it is termed. If a 
body is partly liquid and partly solid, there are two phases 
present, the liquid and the solid. If a solid amalgam is 
heated, at the moment of transition from the single phase 
to two phases there is an immediate change in the tem¬ 
perature coefficient of the E.M.F. between the amalgam 
and a solution of cadmium sulphate, and there is again a 
change when the amalgam becomes wholly liquid. When 
there are two phases and the temperature is vaiied the 
relative proportions of the phases change, but the E.M.F. 
does not vaiy; and thus stable amalgams containing 
different percentages of cadmium, but possessing the two 
phases, have the same E.M.F. towards a solution of cad¬ 
mium sulphate. On the other hand, if the amalgam is 

• Report ol the Electrical Standards Committee of the British Amo- 
ciation, 1904. 

t Proceeding*, Physical Society of Ixmdon, Vol. XXII., p. H ; PhfL 
Mag., February, 1910, p. 250. 
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wholly liquid or wholly solid, the E.M.F. varies with the 
percentage of cadmium. This is seen from Fig. 179, which 
shows the variation of E.M.F. with percentage of cadmium 
for various temperatures. 



Jj*M, 179.—Curves showing the variation of the E.M. F. with the percentage 
of Cadmium in the Amalgam (F. E. Smith). 

It follows, therefore, that instability will occur at both 
transition points when the amalgam becomes wholly liquid 
or wholly solid. Although melting points and freezing 
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points are definite, the completion of the change to all liquid 
or all solid may take a considerable time if the temperature 
of the cell is near the transition point and curing this time 
the E.M.F. must vary. Moreover, the condition of the amal¬ 
gam varies with the heat treatment that it has experienced. 



Flo, 180,—Diagram showing tha Limit* of Temfera'ura for,. 
Different Amalgams (F. E. Smith). • 


For example, slow cooling would tend to give an upper 
layer richer in cadmium than lower down, whereas rapid 
coding would give a more uniform composition. 

Xhua the conclusion is reached that the percentage Si 
cadmium should be such that the two transition pdnts are 
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outside the range of ordinary working temperatures. This 
is indicated in Fig. 180. From this diagram it is seen that 
a 12J per cent, amalgam has a transition point to the solid 
state that is undesirably high (12T°C.), and, consequently, 
F. 6. Smith recommends a 10 per cent, amalgam rather than 
the 12J per cent, amalgam which has so far been adopted 
for the normal cell. Fortunately, at temperatures down 
toO°C., a 12J per cent, amalgam may still be in a two-phase 
condition, owing to differences in concentration, and thus 
the E.M.F. is not necessarily affected. 

The working temperatures in Table X. are given by 
F. E. Smith* for amalgams containing from 6 per cent, 
to 15 per cent, of mercury :— 


Table X. —Temperature Limits for Various Amalgam. 


Percentage of 
cadmium in 
the amalgam. 

Limits of temperature for use of Weston cell. 

Lower limit. 

Upper limit. 

6 

Below 0°C. 1 

27'7°C. 

7 

)* 1 

34-6° 

8 


410" 

9 

,, 

46 0° 

10 

About 0°O. 

610° 

11 

S60° 

12 

8-7° 

60 0° 

12*5 

12 r 

above 60° 

13 

161" 


14 

24-0° 

i 

15 

32-5° 

- 


The results of this investigation are explained in a Paper 
by S. W. J. Sraithf in terms of the theory of alloys and 
solutions. It follows from the process of crystallisation 
that the surface of a slowly cooled amalgam will generally 
contain a lower percentage of cadmium than the material as 
a whole, and may even be fluid, although, according to the 
temperature and composition, :he amalgam should be a 
* Loc. at 

PraceeAingt, Physical Society of London, Vo). XXII., p. 369 
Phil. Mag., July, 1910, p. 206. 
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uniform solid. Thus, the E.M.F. with a quickly cooled 
amalgam nmy be higher than with one of the same com¬ 
position cooled slowly, as was, indeed, found by F. E. 
Smith. 

TEMPERATURE COEFFICIENT AND LAO —The tem¬ 
perature coefficient is approximately —0-00004 volt per 
degree in the neighbourhood of 20°C., so that tempeiature 
variations are often negligible. 



Time. 


Fig. 181.—Recovery Curve of Cell suddenly cooled from 55°C. to 17°C. 

(F. E. Smith.) 

The lag of E.M.F. with respect to change in temperature is 
also very much less than in the case of the Clark cell, the 
actual extent of the lag depending, however, ufton the con¬ 
struction of the cell. Fig. 181 is given by F. E. Smith* to 
illustrate an extreme case. It ref ere to a cell of the usual 
H-form which was initially at a temperature of 55°C. (for 
the preceding 12 hours), and was then immersed in oil at 
* Phil. Trans. (A), Royal Society, Vol. CCVII., p. 393, 1903. 
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17°C. After 20 minutes the E.M.F. was normal to 1 part 
in 4,000; after a total interval of 40 minutes it was correct 
to 1 part in 10,000, and after one hour to about 7 parts in 
100,000, But it required 14 days to bring the E.M.F. to 
within 2 parts in 100,000 of the correct value. 

HYSTERESIS. —It is sometimes found that, although 
the E.M.F. of a cell changes with ascending temperature in 
accordance with the temperature E.M.F. formula, with 
descending temperatures the. E.M.F. changes too rapidly, 
corresponding to values at temperatures lower than the 
temperature of the cell by from .W. to ]5°C. This be¬ 
haviour is known as “ hysteresis,” and is not the same thing 
as the lagging of E.M.F. behind temperature as described 
in connection with the Clark cell. 

During the last few years this subject has been investi¬ 
gated in detail at the National Physical Laboratory.* It 
appears that the defect is due partly to hvdrolysisf of the 
mercurous sulphate and partly to complex ions. There is 
some evidence that complex ions exist both in solutions of 
cadmium sulphate and in those of mercurous sulphate and 
cadmium sulphate mixed. In the latter ease a molecule 
of Hg 2 SO« appears to attach itself to an SO t ion. The use 
of free sulphuric acid was investigated with a view to 
stopping hydrolysis. It is interesting to note that when 
the solution in the positive limb is made up with a normal 
solution of sulphuric acid instead of water the E.M.F. is 
diminished by 0 01030 volt; when the solution in the nega¬ 
tive limb alone is similarly made up with acid the E.M.F. 
is increased i>y 0-00965 volt; and when the whole of the 

• The Electrician, Vol. LXXI., p. 294, 1913; VoL LXXIII., p. 574, 
1914! and Vol. LXXV., p. 463. 

t H. S. Carhart and G. A. Hnlett (Transaction!, American Electro¬ 
chemical Society, Vol. VI., p. 109) express the change by hydrolysis as 
follows:— 

3Hg t S0 4 +2H,0*=(Hg0H),Hg,S0 t -i-2HgHS0, 
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solution in a cell is made up with normal acid saturated 
with cadmium sulphate, instead of a purely aqueous solu¬ 
tion, the E.M.F. is diminished bv 0-00005 volt. 

The net result, so far, is that a coll will decrease in E.M.F. 
if the depolariser is partly hvdrolised, the rate of change 
depending on the extent of the hydrolysis in the layer of salt 
next to^the mercury surface. The formation of complex 
ions leads to an increase of E.M.F.. but the mercury ion 
concentration diminishes somewhat rapidly- in the presence 
of a large surface of mercury. In any case, a cell should be 
rejected if it shows hysteresis, because the E.M.F. is not 
likely to remain constant. It appears that the most con¬ 
stant form of cell is one containing a smull quantity of free 
acid with a grey depolariser. the grey colour being due to 
the presence of minute globules of mercury. 

* EEPKODUCIBILITY, —The remarkable accuracy with 
which the Weston cell can be set up is shown by the 
international experiments* embodied in Table, XI. The 
differences are given between tin* E.M.F.s of the cells and 
the reference standards of the various laboratories. 

It is interesting to note in an earlier report 1 hat of (>7 cells 
(presumably by outside makers) tested in 100!) at the 
National Physical Laboratory <10 agreed with the Laboratory 
standards within 1 part in 10,000, 

The high degree of reproducibility which has been 
attained in the making of standard cells is illustrated by 
15 Clark cells and 13 Weston cells set up by H. L. Bronson 
and A. N. Shaw,f according to the specification of Wolff and 
Waters. These were indirectly compared with the reference 
cells fit the Bureau of Standards, and directly with five cells 
made at the Na tio nal Physical Labora tory. The mean of 

* Report of the Electrical Standards Committee of the British Asm- 
ciation, 1912. 

f The EUdrician, Vol. LXIII.. p. 844, 1909; also Vol. LXVI, p. 664. 
1911. 
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Table XI ,—Remits of International Comparisons. 

Differences in Microvolts. 

B,S.=Bureau of Standards (Washington); N.P.L.—National Physical 
Laboratory (London); P.T.R.—Physikalisch-Technische Rcichsanstalt 
(Berlin); L.C.E.— Laboratoiro Central d’Electricite (Paris). 


Standard 
cell No. 

B.S., 
Juno & 
July, 
1011 . 

N.P.L.. 

Aug., 

1911. 

P.T.R. 
Sept. & 
Oct., 
1911. 

N.P.L., 

Oct., 

1911. 

L.C.E., 

Oct., 

1911. 

N.P.L., 
Nov. & 
Dec., 
1911.* 

B.S., 

Jan., 

1912. 

2«2 

— 0 


- 70 


- 80 

- 00 


207 

41 


0 





208 

37 


- 15 





51 

- 58 


- 70 


- 30 



32 | 

- 01 ) 


-115 


-130 



301 

- 24 

- 5 

- 30 


- 15 


-40 

304 

1 !) 

23 

0 


0 


7 

201 ) 

- 35 

— 27 

- 45 


- 20 


—50 

310 

0 

- 4 

- 25 


- 10 


-44 

A1 

- 13 

- 12 

- 15 


- 10 


-22 

43 

2 

3 

- 30 


5 


0 

44 

0 


- 15 

- 7 



- 1 

10 

- 27 


- 45 

- 30 



-28 * 

22 

- 31 


- 40 

- 29 



-30 

238 

- 2 


20 

52 


... 

-10 

350 

- 24 


- 20 

1 



-24 

352 

- 31 

... 

- 45 

- TO 



-30 

133 





30 


34 

142 





30 


33 

13 






_ 0 

- 5 

1-33 






- 10 

-10 

17 

... 





- 5 

- 8 


the 15 Clark cells was found to differ from the Bureau of 
Standards Clark cells by less than 14 microvolts. The mean 
of the 13 Weston cells differed from the Bureau of Standards 
Weston cells by less than 4 microvolts, and from the mean 
of Weston cells from the National Physical Laboratory by 

less than 5 microvolts. 

. • 

CONSTANTS OP STANDABD CELLS. -In Table XII. 
are given various determinations of the E.M.F.s and tem¬ 
perature coefficients of Clark and Weston standard cells. 
TJje closeness of the values obtained in recent years show 
the very high accuracy with which the absolute ampere can 
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now be obtained. It will be noticed that the mean E.M.F. 
seems lower than the E.M.F. of the Weston cell as officially 
adopted; but since the results are really expressed in 
" semi-absolute ” volts in absolute determinations this may 
bo explained by the fact that the international ampere is 
probably a little lower than the absolute ampere. 

STANDARD CELLS IN ELECTRICAL MEASURE¬ 
MENTS. —In using a standard cell it is generally advisable to 
have a high resistance, say 10,000 ohms, in series with it 
in order to avoid a short-circuit and consequent polarisa¬ 
tion. Usually there is no reason to fear that'the small 
currents required in such tests as are carried out with a 
potentiometer or a condenser will cause any appreciable 
polarisation. So far back as 1884, Bayleigh* observed 
that Clark cells recovered rapidly from the effects of being 
placed on a circuit of 500 ohms. Callendar and Bamcsf 
are of opinion that short-circuiting is beneficial to new 
cells which have not yet reached a steady condition, and the 
present Author has found that Clark cells maintain their 
condition better when in use than when out of use. 

Even a brief short-circuit is not a serious matter, for the 
internal resistance is high, and thus the current obtained 
on short-circuit is comparatively small. The rapid recovery 
of Weston cells after short-circuit is illustrated in Figs. 182 
and 183, which shows results obtained by F. E. Smith. J 
Fig. 182 refers to a cell which was short-circuited for one 
minute, and Fig. 183 to one that was short-circuited for 
five minutes. The cell which was short-circuited for one 
minute was correct within a ten thousandth'of ae volt one 
minute afterwards, but 40 minutes were required for its 
recovery to 1 part in 100,000. The other cell was nearly 

• Phil. Trans., Vol. CLXXV., p. 411, 1884. 

Proc. Roy. Soc., Vol. LXII., p. 117, 1897. 

+ Phil. Trans” (A), Royal Society, Vol CCVIL, p. 393, 1908. 
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1 part in 1,000 low one minute afterwards; at the end of 
a second minute it was low by 1 part in 2,000, and after 
five minutes it had recovered within 1 part in 5,000. About 
l{ hours were required for its complete recovery. 

E.M.F. 



Fiu. 182. Recovery Curve of (Vll short-circuited for 1 minute. 
(l'\ E. Smith.) 


F.M.F. 
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Similar results have been given by P. I. Wold,* and the 
subject has also been investigated by S. J. Barnet.f 
Standard cells are not often used on circuits requiring 
an appreciable current. It is, however, sometimes con¬ 
venient for the purpose of calibration to be able to put 
such a cell direct on to a galvanometer used as a voltmeter. 
In such a case the cell must be large so as to avoid polarisa¬ 
tion, and this method can be used only for galvanometers 
of high resistance, the latter also being large in comparison 
with the internal resistance of the ceil. The behaviour of 
standard cells when supplying a current has been studied 
bv R. Threlfatl and A. Pollock,* and by H. Tinslev.§ 

In accurate measurements it is necessary to know the 
temperature with some exactness, unless the temperature 
coefficient is very small. On that account, cells should be 
.placed in a water bath if the terminal wires do not become 
immersed, or in an oil bath if the cells are of the ordinary 
H-form. It should, however, be borne in mind that it is 
useless to go in for refinements of measurement in one 
quantity if corresponding refinements cannot be carried into 
the measurement of every other quantity which is involved 
in the experiment to the same extent. For example, if 
the value of an E.M.F. is to be determined by reference to a 
standard cell, it is useless to determine the temperature to 
a higher degree ol accuracy than that corresponding to the 
accuracy to which the E.M.F. of the cell is known, having 
regard to its variation with temperature. But in certain 
cases it may be necessary to make more careful corrections. 
For example, it may be required to compare, one cell with 
another; here we may desire to know whether there is a very 
small difference, irrespective of whether we can accurately 

determine the whole value of either E.M.F. in itself._ 

Physical Review, Vol. XXVIll, p. 132, 1W9. 
f Physical Review, Vol. XVIII., p. 104, 1904. # 

X Phil. Mag., 5th Series, Vol. XXVIII., p. 353, 1889. 

§ The Electrician , Vol. XLVII., p. 991, 1901, 
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The importance of the Weston cell as a practical standard 
cannot be over estimated, but the cell must not be regarded 
as being more than a convenient means of producing a 
commercial standard in terms of the volt. Considering the 
many processes which have to be undertaken to produce 
such a standard, on which nearly all measurements of 
current, voltage and power now depend, the achievement 
is remarkable. A word of caution is, however, necessary 
to those who use the cell for accurate work, such as the 
checking of meters, on which the financial returns of elec¬ 
tricity supply undertakings depend. In such work there 
should be>a systematic and periodical check on the standard 
cell by the use of at least three or four cells which may be 
checked against each other so as to detect arty secular 
change. Probably no cell is perfectly constant, and ex¬ 
perience shows that both Clark and Weston cells tend to 
fall in voltage, so that a serious error may result after several 
years if no such precautions are taken. 

In such secular changes impurities no doubt play an 
important part. Mr. H. Tinsley informs the Author that 
he has for years held the view that impurities in cadmium 
sulphate may be carried over after two or three recrystal¬ 
lisations and may have an important effect on the E.M.F. 
of the Weston cell, apparently due to traces of iron and 
other metals. So far, English manufacturers do not appear 
to have produced a sufficiently pure zinc sulphate. 

HELMHOLTZ STANDARD CELL. 

Some attempts have been made to produce a cell whose 
E.M.F. should be exactly 1 volt, with the idea that such a 
cell would be more convenient than one having an E.M.F. 
which is not a round number. The practical advantage, 
however, does not really amount to very much, for the 
E.M.F. can only be exactly 1 volt at one particular tem¬ 
perature. A cell of this kind, containing chlorides instead 
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of the usual sulphates, appears to have been first described 
by Helmholtz. The E.M.F. is only approximately 1 volt, 
but may be adjusted by varying the density of the elec¬ 
trolyte. This use of an unsaturated solution is not objec¬ 
tionable so long as a cell Ls perfectly sealed, but if evapora¬ 
tion is possible a change in the E.M.F. necessarily occurs. 

Carhart found that 10 per cent, increase in the density 
of the zinc chloride solution produced 3-5 per cent, de¬ 
crease in the E.M.F., and that the density should be 1-391 
at If) deg. to give 1 volt. It therefore appears that an 
error in the density does not cause a correspondingly large 
error in the E.M.F. Carhart* gives the following descrip¬ 
tion of the cell: “ In the bottom of the tube is pure mercury 
in contact with a platinum wire; on this a paste of mercurous 
chloride and the zinc chloride solution ; a cork diaphragm 
follows, holding the mercury and paste firmly in position, 
especially with some asbestos packing under the cork ; zinc 
chloride is then added to the proper depth, and an amalgama¬ 
ted zinc rod, supported by a cork, completes the electrical 
combination of parts. The cell must be hermetically sealed 
as usual. Such a cell is perfectly portable and gives promise 
of long life. Its internal resistance is about 1,500 ohms, 
and it does not appear to suffer permanent change by 
heating to 50°C. or even to 00 deg.” The cells also appear 
to be capable of giving constant results, mention being mad# 
of one cell which had maintained its E.M.F. for six years. 

The chief advantage of this cell lies in the fact that the 
temperature coefficient is small. Carhart gives the follow¬ 
ing equation between the E.M.F. and temperature :— 

E—1+0 000094 (t—15). • . 

It will be noticed that the coefficient is positive, whereas 
that of the Clark cell is negative. 

The Helmholtz cell has also received attention from W. 
Hibbert, who obtained satisfactory results. A difficulty 
* American Journal of Science, Vol. XLVI., p. 00, 1893. 
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arises in the purification of the zinc chloride owing to the 
impossibility of crystallising the salt. This property of non- 
crystallisation is an advantage in the cell itself, because 
changes in density caused by solution and crystallisation 
do not take place, but this convenient method of purification 
has to be replaced by one that is less definite. It is found 
sufficient to warm the zinc chloride solution with zinc 
foil, which precipitates cadmium or other electro-negative 
metallic impurities and at the same time effects neutralisa¬ 
tion. The specific gravity of the solution in the cell should 
be nearly 1-38. The zinc should be of good quality and 
amalgamated. The mercury' and mercurous chloride 
should also be pure. 

There appears to be no difficulty in securing good agree¬ 
ment, between these cells, and they do not suffer from secular 
change, if properly sealed, at least in three or four yeaj-s. 
The internal resistance is about 500 or 000 ohms, and the 
value of the temperature coefficient is stated by Hibbert 
to be about 0-000085 volt per degree. 

Owing to the development of the Weston cell, it is im¬ 
probable that the Helmholtz cell will receive further con¬ 
sideration at the hands of physicists. 
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Adams and R. E. Day* found that light is also capable of 
producing an E.M.F. in selenium itself. 

GENERAL PROPERTIES OF SELENIUM. 

Selenium was discovered in 1817 by Berzelius in the 
deposits from sulphuric acid chambers. It is closely akin 
to sulphur in many of its properties, and, like that element, 
it exists in several allotropic modifications. The informa¬ 
tion given on this point in text-books is not very dependable, 
and we shall, therefore, rely upon a careful investigation of 
the more o'lemical properties by A. P. Saunders.f According 
to this investigator, selenium exists in the three following 
forms: (1) Vitreous and amorphous, (2) red crystalline, 
perhaps in two closely allied forms, and (3) grey crystalline, 
or metallic, which is conducting. The first two classes are 
non-conducting, in the three following paragraphs the 
properties of these modifications are given in detail. 

VITEEOUS AND AMORPHOUS SELENIUM.—If any 

varietv of selenium is heated above 220%'., it forms an 
ordinary liquid, but if this is cooled quickly it becomes more, 
and more viscous, remaining soft even below <10%. ; but at 
ISO' 1 !', to 40%. it becomes hard, and is then known as 
vitreous selenium, having a conchoidal glassy fracture. In its 
plastic condition it may be drawn into long threads, which 
arc transparent and of a ruby colour by transmitted light. 

If selenium is deposited from an aqueous solution of 
selenious acid (for example, by passing a current of sulphur 
dioxide .through the solution) a precipitate is obtained 
which, when dry, forms an impalpable powder without any 
trace of crystalline form. This is known as amorphous 
selenium. 

\Proce«iings, Royal Society, Vol. XXV., p. 113, 1876. 

i Journal of Pht/wal Chemistry, Vol. IV., p. 423, 1900. 
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Vitreous selenium gives a red streak on paper. When 
powdered it is grey ; but if powdered very fine it becomes 
red, and is then indistinguishable from the red amorphous 
selenium. 

If amorphous selenium is warmed to 40°C. it darkens and 
coagulates to a soft mass, which, on cooling, becomes hard 
and brittle, assuming somewhat the features of the vitreous 
form. 

Apparently the vitreous and amorphous varieties differ 
only in the state of aggregation. It is found that liquefied 
selenium is slightly soluble in carbon bisulphide. Also, 
freshly precipitated amorphous selenium under’certain 
conditions is soluble in water, and is then known as soluble 
selenium. This property, however, is lost with the lapse 
ol time. 

'Fiie vitreous form is quite stable by itself at ordinary 
temperatures, and is the form in which selenium is ordinarily 
sold. 

The specific gravity of amorphous selenium is 4-20 and of 
vitreous selenium 4-28. 

RED CRYSTALLINE SELENIUM (non-conducting).— 
This variety separates from solutions in carbon bisulphide, 
or it may be obtained by allowing the vitreous or amorphous 
form to stand in carbon bisulphide, or some other solvents, 
at ordinary temperatures. Saunders is of the opinion that 
it is probably able to exist in two different forms, both 
belonging to the same crystal system and both soluble in 
carbon bisulphide. There are indications of an unstable 
melting point at 217°C. The specific gravity of red crys¬ 
talline selenium is 4-28. 

GREY CRYSTALLINE SELENIUM (conducting).— 
The grey crystalline, or metallic, form is obtained from the 
other varieties by heating, and in the presence of certain 
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liquids this change takes place even at ordinary tem¬ 
peratures. This variety may be regarded as the stable form 
of selenium, into which the other forms tend to pass, being 
stable at all temperatures up to the melting point, which is 
217 deg. The other forms are unstable, the red crystalline 
being intermediate between the grey crystalline and the 
vitreous. Although it is a simple matter to change from the 
two other varieties into the grey crystalline, Saunders was 
unable to bring about a change in the reverse direction. 

It has been noticed by some observers (notably by 
Saunders) that quinoline and some kindred organic bodies 
have then property of converting amorphous selenium, at 
least superficially, into the metallic form. 

Selenium is polymorphous, the form of the crystals 
depending on the conditions in which they are produced. 
1’. C. Brown* has obtained a number of different forms by 
vaporising selenium and allowing it to condense on a cool 
surface. All these were conductors of electricity, and all 
but one were doubly refracting. Some crystals are soluble 
in carbon bisulphide and some are insoluble. 

The specific gravity of grey crystalline selenium is 4-80. 

ELECTRIC CONDUCTIVITY. —The resistivity is high, 
being of the order of 2 x 10 10 ohms per centimetre cube in the 
dark; but the figure varies enormously, according to the 
inode of preparation and with the value of the applied P.I). 

There lias been some discussion as to whether the con¬ 
duction is simply metallic or whether it is electrolytic in 
its character. In support of the electrolytic view there is 
the fact that the resistance is generally found to vary with 
the applied pressure; in other words, the resistance does 
not simply follow Ohm’s law, but decreases in proportion 
to the P.D. when this is small, the original state being slowly 
regained when the pressure is removed. The propor- 

~Tr— ----- 1 

* Physical Rcvictr, Vol. IV, (2nd series), p. 85, 1914. 
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tionalitv and the lag are noticeable in Fig. 184, which is due 
to L. S. McDowell.* Moreover, after a current has been 
flowing, it is found that the selenium is polarised ; but, 
unlike the corresponding phenomenon in electrolysis, the 
E.M.F. of polarisation, according to Luterbacher,f is in the 
sums sense as the current by which it is produced ; in other 
words, the polarisation current, flows in the same direction 
as the current that has been applied, instead of in the inverse 
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E.M.F. in 1'ofis. 

Fio. 184.—Variation of Resistance of Selenium- with applied P.D. 
(McDowell). 

direction. If this is the case, the polarisation so produced 
differs essentially from what is generally meant by this term. 
On the other hand, W. G. Adams and R. E. Day j fouhd that 
the polarisation was in the opposite direction to the current 
by which it was produced, just as in electrolysis. Measure- 

* Pkyical Renew, Vol. XXIX., p. 1, 1909. 
t The Electrician, Vol. LXVII., p. 736. 

1 Proceeding*, Royal Society, VoL XXV., p. 113, 1876. 
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ments by tie Author were found to support this view, and 
showed the E.M.F. of polarisation, unless it falls off rapidly, 
to be very small. 

The variation of resistance with the applied pressure, as 
observed by J. Luterbacher,* is very large, as seen in 
Fig. 185, and to fall of! considerably at the higher voltages. 
The curve is approximately a parabola. Alternating current 
produces the same effect, but not to such a marked degree. 
This is shown in Fig. 180. Possibly the smaller effect at the 



Volt.. 

Via. 185.—Variation of Resistance of Selenium with Applied P.D. 
(Luterbacher). 

higher pressures may be due to the fact that a steady state 
is reached more slowly with high than with low pressures : 
the creeping is greater, as pointed out by Ries.f Any 
heating up of the selenium bv the passage of the current 
would also lower the resistance, but it is pointed out by 

* boc. cit. 

f Annul?* dcr Physik, Vol. XXXVI. p. 1,055, 1911; Science Abstracts, 
1912, No. 1428, 
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Luterbacher that the effect of such heat would be least with 
small currents, whereas the reduction of resistance is more 
marked with the smallest currents than with larger currents. 
A curve showing the heat produced is given in Fig. 1 80 . 

E. E. Fournier d’Albe* has shown that the variation in 
the resistance for all pressures above 1 volt is proportional 
to the logarithm of the voltage. The obsenatiuns in one 
case were carried bevond UK) volts. 



atlectiug the Resistance of Kolenium (Luterbacher). 


On the other hand, V. Ohiarinif found that the P.D. 
required to cause a current to flow varied from as low a 
value as 0-02 np to 0-9 volt; and A. H. PfundJ fotynd that 
certain old selenium resistances failed to show polarisation, 
even when the applied pressure was as high as 110 volts. 

* Proceedings, Royal Society, Vol. LXXXVl., p. 452, 1912. 

Accademia dei Lincei, Vol., XVIII., p. 246, 1909; Science 
Abstracts, 1909, No. 884. 

* Physical Review , Vol. XXVIII., p. 324, 1909. 
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A. Pochettino* states that if the primary current is not 
applied for more than two minutes the initial intensity of 
the secondary, or polarisation, current increases with the 
voltage applied and with the square root of the time of 
application. The polarisation currents continue for a con¬ 
siderable time. Thus, taking the case of the application 
of 54 volts, the secondary current was l.lOOxlO' 9 ampere 
seven seconds after the primary current ceased, and was 
still 8x 10' 9 after 2,010 seconds. 

By allowing the selenium to discharge through a galvano¬ 
meter immediately after cutting off the applied pressure 
polarisatilns were observed by Luterbaekerf varying from 
7 to 22 millivolts. Assuming that the galvanometer was 
of high resistance, this shows a very small E.M.F. of polarisa¬ 
tion, but possibly its value falls very rapidly. In any case, 
we cannot look upon polarisation as an explanation of thp 
fall in resistance, for it would have to reach an extra¬ 
ordinarily high value to produce any noticeable effect with 
applied pressures of 100 volts. 

It seems difficult to accept an electrolytic view of the con¬ 
ductivity, because we are dealing with a single clement, 
unless selenium is capable of splitting up into two ions 
which are identical chemically, but which differ electro- 
chemically, one being electro-positive to the other. 

* The conductivity between an electrode and selenium is 
to some extent unilateral.} 

F. 0. Brown§ has shown that mechanical pressure causes 
an increase in conductivity. A resistance of 96,000 ohms 
at atmospheric pressure was reduced to 63,000 ohms at a 
pressure of 218 kg. per square centimetre, the pressure being 
applied hydraulically. 

* Nvom CitnetUo, Vol. XVI., p. 381, 1908; Science Abstract!, 1909, 
Ho. 693. 

f hOC. cU. * 

j Churmi, loe; c it. 

{ Physical Review, Vol. IV., p. 85,1914. 
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It has been pointed out by both Giltay and F. C. Brown* 
that the conductivity is increased by abrasion; for example, 
bv filing. The selenium recovers its original condition after 
about a month. 

Selenium generally has a positive temperature coefficient 
of resistance. Riesf distinguishes two forms of crystalline 
selenium, which he terms u and /S. The a modification has 
a negative temperature coefficient, and is obtained by 
heating up to temperatures below 200°C. (the transforma¬ 
tion being most complete by prolonged heating at 195°C.), 
followed by rapid cooling. The. ji modification has, within 
certain limits, a positive temperature coefficient, and is 
obtained by heating at temperatures above 200°C. 

TUB EFFECT OF LIGHT. 

LIGHT POSITIVE SELENIUM. — The usual effect pro¬ 
duced bv increasing the illumination of crystalline selenium 
is a diminution of resistance. Generally the comparison is 
made between what may be termed the “ dark resistance ” 
(i.e., the resistance of the selenium when all light is ex¬ 
cluded) and the resistance when the illumiuation has some 
definite value. 

The effect obtained is illustrated by the curves in Fig. 187. 
From these it is seen that the change in conductivity is not 
instantaneous ; it is at first rapid and proportional to the 
time of exposure, but it very soon becomes slower and slower 
until a steady state is reached. Hours may be required 
for the steady state to be attained. This time lag is known 
by the name of inertia. Although two selenium resistances 
may have the same sensitiveness (i.e., they may ultimately 
change in conductivity to the same extent on exposure to a 
given illumination), they mav differ materially in lag, so 

* Physikalische Zeitachrift, Vol. XIII., p. 859, 1912 ; Science Abstract*, 
1913, No. 232. 

| Physikalischt Zcitschrift, Vol. IX., p. 228, 1908; Science Abstract*, 
1908. No. 1,294. 
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that the effect of a given illumination for a brief period may 
be very different. Lag is more apparent in recovery than 
in excitation. 

A feeble illumination produces its full effect less rapidly 
than a strong illumination. For example, Pfund gives the 
figures 3 minutes and 15 seconds respectively for two such 
cases. In considering these matters it must be borne in 
mind that these observations refer to selenium in thin layers. 

When the light is removed or reduced the selenium pro¬ 
ceeds to recover its initial conductivity, but here, again, the 



Fia. 187.—Variation of Resistance with Time of Expognro (Torda). 

effect is not instantaneous. In fact, recovery curves are 
characterised by a slower action than the excitation curves, 
a fact which is illustrated in Fig. 188. The time ot recovery 
generally increases with both the intensity and the duration 
of the excitation, and for this reason long exposures are 
'avoided, as far as possible, where selenium is used for 
practical purposes. 

Prolonged exposure sometimes causes a diminution of the 
effect first produced. This has been observed by F.C. Brown* 

• Phvtical Renew, Vol. XXX1R, p. 1, 181L 
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in the case ot resistances made by Giltay (of Delft, 
in Holland). Such curves are reproduced in Pig. 189. 
Generally, however, prolonged exposure has no Buch effect. 
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Fig. 188.—Variation of Recovery with Time of Excitation (lords.) 
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JTj Gf 189._Effect of Prolonged Excitation in the Os*e of ffiltey Reeje- 

tanoee (F. C. Brown). 
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LIGHT-NEGATIVE SELENIUM.—Although the effect 
of increased illumination is generally to give increased con¬ 
ductivity, the reverse effect has been observed. So far, the 
method of producing the negative variety of selenium is not 
well understood. F. C. Brown* * * § has found that such 
selenium can be obtained by placing the amorphous variety 
in a mercury vacuum until it becomes black, after which 
it is pressed between electrodes. Even at atmospheric 
pressures this change takes place if selenium is held over 
heated mercury. It does not seem to be due to the absorp¬ 
tion of mercury vapour. This method of producing a super¬ 
ficial conducting film was discovered many years ago by 
R. J. Moss.f and may be carried out either in vacuo or by 
placing the selenium in mercury. 

The properties of light-negative selenium have been 
studied by Lilah B. Crum.}: Although the general effects 
observed were simply the inverse of those shown by light¬ 
positive selenium, they were characterised by great un¬ 
steadiness and uncertainty. For example, cases were found 
in which both positive and negative results were obtained 
from the same resistance alternately within a period of a few 
minutes. 

Negative effects have also been observed by A. Pochettino 
and G. C. Trabacchi.§ 

LIGHT - NEUTRAL SELENIUM.—A. Knothei! found 
that when sublimed selenium was exposed to sulphur dioxide 
gas it became a very good conductor, but was insensitive 
to light. 

• Physical Review, Vol. II., p. 153, 1913. 

t Chemical Rem, Vol. XXXIII., p. 203, 1876. 

1 Physical Review, Vol. XXXIII., p. 538, 1911. 

§ Nuovo Cimento, Vol. XIII., p. 288, 1907; Science Abstracts, 1907, 
No. 1 561. 

^„KlcktrvtechniscJic Rundschau, Vol. XXI., p. 23, 1903; Science Ab. 
streets, 1904, No. 152. 
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DEPENDENCE ON WAVE LENGTH.—It was very 
soon discovered that, generally speaking, the part of the 
spectrum including the yellow-red rays is more effective 
in its photo-electric effect on selenium than anv other. The 
curves reproduced in Fig. 190, and which are due to A. H. 
Pfund,* are typical. From these curves it is seen that the 
maximum is very marked for wave-lengths of about O-7/i, 
and do 'not vary much for the different illuminations 
examined. In making such an investigation it is necessary 
to be sure that the same energy is received at all observation 



Fig. 190. —Curves showing Variation of Effect with Wave Length 
(Pfund). 

points in the spectrum. This is ensured by first receiving 
the illumination at each point on a thermopile and varying 
the illumination until the same deflection is obtained for 
each point. 

Later investigations, however, have shown that the above 
statement must be accepted with considerable reservations. 
The same authorf has shown that under feeble illuminations 

« Physical Review , Vol XXVIII., p. 324, 1000. 
t Phyeical Review, Vol. XXXIV., p. 370, 1012; The Electric**, 
VoL LXX., p. 337, 1312. 
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a maximum may occur in the greenish-yellow. This is seen 
from the curves in Fig. 191. Here the ordinates show the 
galvanometer deflections obtained for each of four illumina¬ 
tions, which were in the ratio 1 : 4 : 9 :16. For the lowest 
illumination (Curve I.) the maximum is in the greenish 
yellow, but when the illumination is increased four times 
the maximum shifts to the red. It is noticeable that all 



Fio. 10).—Variation of Position of Maximum with Intensity of 
Illumination (Pfund). 

the curves show two maxima. This is a feature which is 
very generally found. 

E. 0. Dieterich* has shown that the position of the 
maximum depends upon the temperature at which the 
selenium is annealed. If the temperature is high the 
maximum sensitiveness is in the blue, but if the temperature 
is lgwcr the maximum tends to shift to the red. Some 
* Physical Review, Vol. IV., p. 467, 1914. 
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curves illustrating this fact are given in Fig. 192. In the 
view of Dieterieh, there are two types of crystal, one sen¬ 
sitive to red and the other to blue rays. If the temperature 
is too high for the formation of crystals which are sensitive 



Fro. 1U2.—Curves showing Variation of Position of Maximum with 
Tcmiwraturo of Annealing (Dieterieh). 

Applied pressure, 16 volts ; exposure, 0-4 second. 

A. Eesiatanoo heated at 210°C. for four hours immediately aftor making. 

B. Resistance heated at 210'C. for one hour and then at 200°C. for 
four hours. 

C. Resistance heated at 210°C for 30 minutes and then at 190°C. for 
six hours. 

D. Resistance heated at 210°C. for 30 minutes and then at average 
tempo' ature ol 170°C. 


to red, the maximum is in the blue. Various mixtures of 
the crystals would lead to the maximum being at some 
intermediate point. 

It is natural to suppose that these differences of sensitive- 
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ness with wave-length might be accompanied by differences 
in absorption and reflection of corresponding wave-lengths 
by the selenium, Thus, if the light effect is due to penetra¬ 
tion of the light, wo should expect that when selenium is 
sensitive to, say, blue light it would show a maximum of 
absorption and a minimum of reflection for light of that wave¬ 
length, A. H. Pfund,* however, did not find any corres¬ 
ponding maximum and minimum in the absorption and 
reflection curves respectively corresponding with the 
maximum in the light sensibility curve. Absorption was 
found to be more marked in the blue and fell off towards the 
red, irrespective of sensitiveness. 

In all these properties there is liable to be a variation 
from cell to cell, as might be anticipated, owing to differences 
in the details of preparation. 

LAW OP VARIATION OP LIGHT EPPECT.-The fol¬ 
lowing formula has been given by E. Ruhmerf :— 

Rc/R i=(Ud?, 

in which Rs and Ri are the value of the resistance under the 
smaller and brighter illuminations d and l respectively. 
The value of n was found to vary between 0-25 and 0-35. 

Roughly, the variation in resistance when a steady con¬ 
dition has been reached varies a3 the square root of the 
illumination, but when the illumination is either very short 
or very feeble it is directly as the illumination. 

G. Athanasiadis prefers the more exact statement that 
»=G(G—o)6, 

in which i is the illumination, G is the conductance and a, 6 
are constants. 

* Physical Review, Vol. XXVIII., p. 324, 1909. 

Elektrotechnische Zeitschrift, Vol. XXV., p. 1021, 1904; Science 
Abstracts, 1905, No. 808. 

fAnnalen der Physik, Vol. XXV., p. 92, 1908; Science Abstracts, 
1908, No. 671. 
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P, J. Nicholson* found that the change in conductivity 
varied as a power of the illumination, or as I*, the value of n 
varying from 1 to § according to the conditions, being $ for 
long exposures. 

In all such formula; it is evidently necessary to define 
the experimental conditions rather carefully. This fact is 
brought out by the curves in Fig. 193, which arc due to 
Pfund.f Here the law is expressed in the form D=KE 11 , in 



Fid. 193.—Curve showing Variation in B in Formula D=KK B witii 
Wave Length. 

Illumination, 2*1 metre candles ; exposure, 12$ seconds. 


which D is the deflection of the galvanometer, K is n con¬ 
stant, E is the energy received per unit area (in this ease 
2-1 metre-candles) and B is a number. With equal energy 
in different parts of the spectrum, curve D shows the 
deflections obtained, and curve B gives the corresponding 
values of B if this simple formula is to hold. It appears thax 

• Physical Review, Vol. III., p. 1, 1914. 

f Physical Review, Vol. XXXIV., p. 370, 1912; The Electric*r, 
Vol.LXX.,p. 337, 1912. 
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B is about | {or wave-lengths shorter than O'Gou and 1 f 
wave-lengths greater than 0 - 7Consequently, the exp 
ncnt must vary with the quality of the light. 

SENSITIVENESS.—The sensitiveness of a seleniu 
resistance to light may be expressed in the form 

(Rj—R,)H-R* 

or (Gi—Gj)-hG* 

in which, for a given illumination, l? d and Hj are the valui 
of the resistance when the selenium is in the dark and 
illuminated respectively, and G* G ( are the correspondir 
conductances. 

The sensitiveness falls off at very low temperatures. F< 
example, Pochettino* mentions a case in which the resistam 
fell from 111,000 to 18,000 ohms at ordinary temperat.ur, 
and from 2,600 to 1,!K)0 ohms at the temperature of boilir 
liquid air ; that is, the sensitiveness fell from 0-42 to 0-2 
On the other hand, the sensitiveness decreases with rise i 
temperature at ordinary temperatures, and is stated fc 
Pochettiuot to be a maximum at — 40°C. 

L. S. McDowell* states that changes due to light tab 
place more slowly at low temperatures, but that the fini 
change carried to the point of saturation is enormousl 
greater. The sensitiveness is also much greater at low ten 
pe ratines. 

It is sometimes said that the sensitiveness, expressed c 
the ratio of the conductivity in the light to that in the darl 
varies from,.say, 5 up to 20, and even 200. This basis give 
information in a form in which it is often desired, bu 
such figures do not convey a true meaning unless they ar 

m Atti, Accademia dei Lincei, Vol. XI., p. 286, 1902 ; Science Abstract 
1902, No. 1,888. 

, •? Nuovo Ci wen to, Vol. VI., p. 147,1911; Science Abstracts, 1911, No. 921 

t Physical Review, Vol. XXXI., p. 524, 1910. 
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obtained under definite conditions. Unfortunately, high 
sensitiveness is only obtained along with high resistance; 
in fact, the lower the resistance the lower the sensitiveness, 
which fact limits the usefulness of selenium for many 
purposes. When, for instance, the action required is the 
working of a relay, it is not so important to know the 
“ sensitiveness " of the ike as it is to know the additional 
current if will yield under a given illumination, or what mav 
be called its “ efficiency." 

STANDARD TESTS. — There are so many possible 
variables in estimating this efficiency that E. E. 



Minute j . 

Fxq. 194.—Galvanometer Deflection with Alternate Periods of Dark¬ 
ness and Ilinmination. 

founder d’Albe* has suggested the following standard 
conditions for testing :— 

(a) Quality of Liyht.— Complete radiation from a 
standard pentane lamp. 

(b) Illumination.—-To be 1 lux— i.e., 1 rnetre»cand!e. 

(c) Applied Pressure .—To be 1 volt. 

(d) Temperature .—To be 15°C. 

(e) History .—If the variation of conductivity is 

determined from the total recovery it will vjry 
* Eroceedirjs, Royal Society, Vol. LXXXIX., p, 75,1913. 
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according to the previous immediate history of 
the selenium. In order to avoid this, the 
selenium is exposed alternately to light and 
darkness for one minute in each period until the 
galvanometer shows steady deflections for the 
light and dark conditions. Curves similar to 
those in Fig. 104 are thus obtained. 

(/) Measurement .—Two Galvanometer readings are 
taken at • two successive minutes during re¬ 
covery. Taking the initial reading (the last one 
under illumination) as zero, the variation in the 
j„ leading after one minute in the dark as <Z 1( and 
the variation after two minutes as d 2 (see Fig. 
105), then the total variation from the light 
condition up to complete recovery may be 
calculated from the formula 

Total variation in) rf,d.,. 
conductance ) ~2d i —d.,' 

The efficiency may be stated in micro-mhos pei 
lumen,* or (with a pressure of 1 volt), in micro¬ 
amperes per lumen, or micro-amperes per square 
centimetre of sensitive surface divided by 0-0001. 

The above conditions are laid down more particularly for 
feeble illuminations ; for other classes of work it might be 
desirable to modify them. The efficiency so obtained refers 
to exposures for one minute. If the selenium is to be used 
for shorter or longer intervals of exposure, the time interval 
in the measurements would be correspondingly altered. 

The efficiencies observed may be as high as, say, 25,000 
micromhos per lumen for very feeble illumination, falling to, 
say, 5,000 or even a few hundred micromhos per lumen. 

Similarly, the efficiency of a selenium cell would be defined 
B8 ( the E.M.F. in volts generated per lumen when the illu- 

* A light source of 1 c.p. gives a flux of 4r, or 12*566, lumen*. 
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mination on the plate is 1 lux (1 metre-candle). In the case 
* of the cells used by G. M. Minchin for the selenium photo¬ 
metry of stars the efficiency was 1,270 volts per lumen. 

Fournier d’Aibe* states that selenium as a detector of 
light is at least 100,000 times as sensitive as a potassium 



photo electric cell. Compared with the eye, selenium has 
the advantage of being more sensitive when the light is 
diffused. 

DEPTH OF PENETBATION. — There has been some 
discussion as to the depth to which the light penetrates the 
selenium. F. C. Brownf has shown that the effect of light 
is not restricted merely to the part that is illuminated; the 
effect is also observed at some distance. He concluded that 
the depth of effective penetration was about 0 014 ipm. On 
the other hand, W. S. GripenbergJ is of the opinion that the 
action extends deeply into the interior. 

* hoc. tit. 

1 Physical Secitm, Vol. V.(2od Mrie«),p. 167,1915; aadVoU XXXIV. 
p. 201,1912. 

: Pkytikalischt ZcUtckrifl, Vol. XV., p. 462, 1914, ■ 
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ELECTRIC WAVES. —It is worth while to note that a 
variation in the resistance of selenium oceurs when it is 
exposed to electric oscillations. Interesting work in this 
direetion has been done by Louise S. McDowell.* It appears 
that the effect is somewhat erratic; it may be immediate or it 
may be deferred, depending on the state of the selenium. Pos¬ 
sibly the effect may be akin to the well-known coherer action 
that is produced on metallic powders by electric waves. 

In this connection it may be mentioned that Frittsf has 
found an increase in the sensitiveness of selenium to be 
caused by transmitting alternating currents through it, but 
the effect i p liable to be transient. 


THEORIES. 

The theories which have been advanced to account for the 
action of light upon selenium may be classed broadly as 
electrolytic, chemical (or physico-chemical) and electronic. 

The difficulty in proposing any theory is that there are 
so many facts to be explained, many of them somewhat 
contradictory. 

The electrolytic theory was proposed by Shelford Bid- 
well,* who considered that the action was due to selenides 
formed .by the interaction of the selenium and the metal 
^EP 01 ^ Bidwell showed that such a theory would account 
for the,effect of annealing, the diminution of resistance with 
the applied voltage, the largeness of the resistance tem¬ 
perature coefficient, the, observed reduction of resistance 
with time and certain other phenomena. This theory, 
however, is disproved by the fact that when carbon or 
graphite is used as a support, so that selenides cannot be 
formed, and thr selenium is carefully purified, it is still 

* JmrCil ' ■ ...... 

t 'Electrical Bem«u> (Telegraj* Journal), Vol. XVL, p, SOS, 1085.- 1 1 ■> 

t PMoeopMml jfopuine, Vol. XX., p. 118,1888. 
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sensitive to light. Also, pure selenium has been found to 
be more sensitive than the impute element. 

In chemical theories it is assumed that the selenium con¬ 
sists of two or more allotropic modifications, one modifica¬ 
tion changing into another under thednfluence of light, and 
the reverse change taking place when the illumination is 
removed or reduced. It. Marc* has reached the conclusion 
that there are two allotropes, which he terms A and B. In 
heating up selenium the change from A to B takes place 
most readily at COO°C. The establishment of equilibrium 
is facilitated by the presence of metallic catalytic agents, 
such as silver and platinum. This point of vigw has also 
been studied by A. Pochettino.f 
The physico-chemical theory is based upon the idea that 
the effects are due to crystalline structure, to orientation of 
the crystals or differences in pressure between their faces. 
Work in this direction has been carried out by E. 0. 
Dieterich, j and by L. P. Sieg and F. C. Brown,§ though the 
last named inclines to an electron theory. Sieg and Brown 
have shown that the sensitiveness of a selenium crystal 
varies on the application of mechanical pressure to the 
crystal, and that both the sensitiveness and the position 
of the maximum in regard to wave-length may vary 
according to the crystalline axis along which the incident 
beam passes. 

That the pressure between the crystals may explain the 
phenomena to some extent is supported by the fact that 
electrical oscillations cause variations in the resistance (as 
already mentioned), and are, of course, of the same nature 

as light.__ * , 

* Ztitechrifl far Anorganieche Chemie, VoL XLV1IL, p. 393, 1906; 
Science Abstracts, 1906, No. 1111. 

- f Www Cimnto Vol. IV., p. 189, 1912; Science Abstract*, 1913, 
No. 233. 

t Physical Beview, VoL IV. (2ad Series), p. 467,1914. *' 

4 Physical Beview, Vol. IV. (Sod 8erle«), p. «rf, 1914; -mA Vof. V. 
(2nd Series), p. 167,191S. • 
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ELECTRIC WAVES. —It is worth while to note that a 
variation in the resistance of selenium oceurs when it is 
exposed to electric oscillations. Interesting work in this 
direetion has been done by Louise S. McDowell.* It appears 
that the effect is somewhat erratic; it may be immediate or it 
may be deferred, depending on the state of the selenium. Pos¬ 
sibly the effect may be akin to the well-known coherer action 
that is produced on metallic powders by electric waves. 

In this connection it may be mentioned that Frittsf has 
found an increase in the sensitiveness of selenium to be 
caused by transmitting alternating currents through it, but 
the effect i p liable to be transient. 


THEORIES. 

The theories which have been advanced to account for the 
action of light upon selenium may be classed broadly as 
electrolytic, chemical (or physico-chemical) and electronic. 

The difficulty in proposing any theory is that there are 
so many facts to be explained, many of them somewhat 
contradictory. 

The electrolytic theory was proposed by Shelford Bid- 
well,* who considered that the action was due to selenides 
formed .by the interaction of the selenium and the metal 
^EP 01 ^ Bidwell showed that such a theory would account 
for the,effect of annealing, the diminution of resistance with 
the applied voltage, the largeness of the resistance tem¬ 
perature coefficient, the, observed reduction of resistance 
with time and certain other phenomena. This theory, 
however, is disproved by the fact that when carbon or 
graphite is used as a support, so that selenides cannot be 
formed, and thr selenium is carefully purified, it is still 

* JmrCil ' ■ ...... 

t 'Electrical Bem«u> (Telegraj* Journal), Vol. XVL, p, SOS, 1085.- 1 1 ■> 

t PMoeopMml jfopuine, Vol. XX., p. 118,1888. 
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tional ions at any time, I the illumination and a a constant, 
then 

</N/(ft=I—oN s . 


A steady state is reached when I=aN ! , showing thrift the 
final change is proportional to the square root of the illu¬ 
mination, which is found to be the case. Integrating, we 


have • 


or 


N=\/(I/o)tanh(Vl). 


t= 


1 log MN, 
!IN 0 B N„-N’ 


in which N 0 is the final addition of ions, or final increase in 
conductivity. The recovery curve is given singly bv 


dN/rf/= -aN 2 , 


in which N, is the additional conductivity at the moment 
of cutting off the light. If the galvanometer deflection at 
this moment is called zero, and d v are two reading taken m 
at equal time intervals after that moment, then 

v _ A£l. 

We have already referred to this formula, which gives the 
total recovery. That there should be any remaining con¬ 
ductivity in the dark is due to thermal .agitation ; complete 
re-combination of the ions would only take place at the 
absolute zero of temperature, and would take an infinite 
time. 

The above ionisation theory does not aqpount for the 
behaviour of selenium under strong illumination, which is 
probably complicated by heat effects. 


CONSTRUCTION AND PRACTICAL APPLICATION. 

SELENIUM RESISTANCES.— Since the resistivity of 
selenium is high, it is desirable to adopt somtf form of con- 
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traction in which the selenium bridge between the two 
ilectrodes is as short and as wide as possible. Further, the 
ayer of selenium must be thin, because the light action 
akee, place only near the surface, and therefore the resis- 
ance cannot be diminished by increasing the depth of the 
Toss-section, otherwise the sensitiveness is diminished. On 
he other hand, it seems undesirable to have extreme 
hinness. 

Perhaps the simplest form of construction is that adopted 
>y Pfund.* A piece of ground glass, say 1cm. X3 cm. 
<0-1 cm. thick is used as the support. The glass is wanned 
o that a jrtick of selenium melts when rubbed on it, 
.lid a layer is thus obtained thin enough to appear red by 
ransmitted light. The crystalline grey metallic variety 
arms at once. Around this is wound four strands of No. 30 
i.W.G. copper wire. The ends of two of these (say Nos. 1 
nd 3) are then fixed, and the remaining two are removed, 
'his leaves a spiral of two wires separated from each other. 

The final step is to anneal the selenium so that it is in 
he required crystalline condition throughout. This is 
fleeted by placing the device in an air bath at 180°C. for 
.bout five minutes. The resistance is then about 20 
aegohms, and if it is exposed to the light of a 16 c.p. lamp 
,t a distance of 30 cm. the resistance falls to about one- 
enth of this value. Since moisture renders the conductor 
ion-permanent, it should be covered with a piece of glass, 
ir mica, fixed with a little wax. Or Ruhmer’s method may 
>e followed, and the resistance sealed in a vacuum tube. 

A similar method is to wind on two insulated wires side 
>y side, and to remove the top of the insulation so as to 
eave the wires exposed at the top, but with insulation be- 
ween them. If the wire is insulated with enamel it is easy 
o remove the insulation; but if it is insulated with silk, the 
attej requires treating with a varnish that will stand the 
• Physical Review, Vol. XXVIII., p. 324,190». 
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somewhat high temperature of the subsequent treatment 
(for example, varnish made from synthetic resins*). The 
silk can then be removed with a fine file or with sand paper. 
One difficulty in this method is to obtain an even surface, 
the tendency being for some of the wires to be higher than 
the others. This difficulty is most easily overcome by 
winding on a tube instead of on a flat surface, but the result¬ 
ing patch of selenium is then not so effective, owing to 
curvature. 



Detail of Strip 


Fiq. 196.—Details of Support for Selenium Resistance. 

A more complicated construction is adopted by F. 
Townsend,f and is shown in Fig, 190. A block is built up 
of alternate strips of brass and mica. The alternate plates 
of brass are connected together, one set to one terminal and 
one to the other. One face of the block is then coated with 
selenium. 

• Obtainable from the Damard Lacquer Co., of Birmingham. 

f The Electrician, VoL LUb, p. 987, 1964; Electrical JfemeoefHew 
York), VoL XLV., p. 391,1964. 
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At one time it was thought necessary to anneal for a long 
time and to cool down very slowly from the annealing tem¬ 
perature, This, however, does not seem to be the case. 

When the selenium is first applied it is in the vitreous 
condition, and appears 1 ike a black mirror. If, however, the 
temperature conditions are correct this will change rapidly 
to the crystalline form, and the surface will then appear 
grey, sometimes with a reddish or purple tinge, and matt in 
character. As a source of heat, a piece of sheet iron below 
which is the flame of a bunsen burner is convenient. If 
difficulty is experienced in obtaining the transformation, 
this may be effected by heating for 10 minutes in an oven 
(preferably'electric for convenience) at 180°C.-190 C C. 

The final value of the resistance depends upon the heat 
treatment that is given. This is shown by the figures in 
Table XIII., due to E. 0. Dieterich.* 


Table XIII- —Effect of Different Annealing Temperatures. 


No. ol 
resistance. 

Temp, of 
annoaling. 

Period of 
annealing. 

Resistance, 

ohms. 

23 

210°C.—200°C. 

6 hours 

233,000 

„ 22 

210-0. 

4 „ 

388,000 

28 

210-C. 

5 „ 

490,090 

16 

180°C. 

31 „ 

1,400,000 

15 

190 “C. 

2 ., 

3,690,000 


The figures in Table XIV. show that if the cells are heated for 
only a short time at a high temperature and then annealed 
at a lower temperature the resistance is much less than if the 
short treatment at the higher temperature is omitted. 
Thus, Nos. 18 and 19 received the same treatment, except 
that No., 18 had a preliminary heating at a higher tem¬ 
perature for half an hour; yet its resistance was one- 
■fortieth that of No. 19. When using a 16 c.p. lamp at a 
distance of 30 cm. the sensitiveness of the above varied from 

b/1 up to 20/1, _ 

* Physical Review, Vol. IV. (2nd eerim), p. 487,1914. 
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Table XIV. —Efftcl oj Different Annealing Temperatures. 


No. of 

Temp, of 

Period of 

Resistance, 

resistance. 

annealing. 

annealing. 

ohms. 

18 

/ 210°C. 

\ 180'C. 

jhour \ 

9 „ / 

978,0f& 

19 

180°C. 

9 „ 

40,000,000 

20 

f 210°C. 
\180"C. 

i \ 

14 „ / 

250,900 

21. 

180”C. 

14 .. 

9,600,009 


Various metals can be used as electrodes, but copper has 
the objection that it oxidises when heated. Nickel is better 
in this respect, and is said to be as satisfactory as platinum. 
Also resistance wire, such as platinoid, seems preferable 
to copper, and has the advantage over nickel that it can be 
easily obtained silk covered. Films of graphite have also 
been effectively used as a conducting base, 

. E. Ruhmcr* draws a distinction between hard and soft 
resistances, the difference being dependent on the allotropic 
modification of the selenium that is obtained. A “ hard ” 
resistance is obtained by rapid cooling after applying the 
selenium to the electrode, the resistance being agitated 
during cooling. A “ soft ” resistance is obtained by cooling 
the selenium slowly after applying it to the electrode ; it is 
then heated for a time to 200°C. The soft resistances are of 
higher conductivity than the hard resistances, and are more 
sensitive to weak, but less sensitive to strong, illumination 
than hard resistances. 

Fig. 197 shows a Giltav resistance made by P. J. Kipp & 
Zonen, of Delft (Holland), from which it is seen that these 
well-known resistances are of the wire type. The wire is of 
platinum-iridium, the working surface beiSg 4-6 cm. X 
2-6 cm. Two types of these resistances are made, namely, 
low resistance and high resistance. It is stated by the 

makers that the former has a dark resistance of about 

„ -- - - - • - . 

* PhysikcUische Zcitschrift, Vol. III., p. 468, 1002 ; Science AbstifiCts, 
1903, No. 99. 
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10,000 ohms, and a small sensitiveness of, say, fifor diffuse 
daylight lie., ratio of dark resistance to light resistance); 
the latter has a dark resistance of 200,000 to 500;000 ohms,' 
or more, and a sensitiveness of 50 or 60. A 32 c.p. lamp at a 
distance of half a metre appears to be taken as the equivalent 
ot diffuse daylight. ” The above values illustrate the fact 
that low resistance and high sensitiveness do not go together. 



Fio. 197.—Giltay Selenium Resistance (full site), 
made by Kipp k Zonen. 

Messrs. Kipp state that selenium resistances sometimes 
fail through internal short circuits. In their opinion this 
is due to high voltages from the breaking of inductive 
circuits., Consequently, if such a resistance forms part of an 
inductive circuit it is advisable to short-circuit the resistance 
before the circuit is broken. 

SEEiEN^UM OBIiLS.— Turning to selenium cells, we find 
much less work, has been done-in this direction than on 
selenium resistances. This is probably due to the fact that 
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a call is less robust than a resistance. The internal resis¬ 
tance of such a cell is necessarily very high, and therefore 
the generation of a small E.M.F., such as 1 volt, loses a good 
deal of its effectiveness. With selenium resistances, on t^e 
other hand, the low value of the conductivity can be com¬ 
pensated considerably by applying a high voltage. 

Selenium cells appear to have been first used by R. 
Sabine* He used selenium on platinum wire as one elec¬ 
trode and platinum foil as the other, the electrolyte being 
distilled water. In the dark the selenium was found to be 
electro-positive to the platinum (about 0-1 volt), whereas in 
the light it became electro-negative (about 0 05 volt). This 
effect diminished after a few minutes, but the selefiium still 
remained electro-negative until the light was cut off, when 
the original state was regained. 

G. M. Minchin t used selenium cells in astronomical 
photometric measurements. As electrodes, or supports for 
the selenium, he found that platinum, silver, tin, zinc and 
bismuth gave considerable results; copper gave nearly a 
zero E.M.F.; and the best results were obtained with alu¬ 
minium. Platinum was used for the other plate and methyl 
alcohol as the electrolyte except in the case of aluminium, 
when acetone was found to be the best. The E.M.F. was 
about 0-25 volt. The greatest sensitiveness was obtained in 
the yellow part of the spectrum, though the variation with, 
wave-length was not nearly so marked ds in the case of 
selenium resistances. 

Recently experiments with selenium cells have been 
described by A. A. C. Swinton.} Copper was used as the 
support for the selenium, the uncovered parts*being var¬ 
nished with enamel. The other plate consisted of a metal 
or carbon having a hole cut in it of the same size as the layer 


* Nature, Vol. XVII.,.p. 012, 1878. 
f niUmpkieai Magazine, Vol. XXXI., p. 207, 1891. 

' j Proceeding*, Phytie»l Society ot London, Vol. XXVII., p»I86,1910. 
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of selenium on the copper. The cell was mounted in a glass 
vessel, with tap water as an electrolyte (since acid or alkali 
caused the selenium to strip), so that light could be pro¬ 
jected through the inactive electrode on to the selenium. A 
zinc electrode was found to be electro-positive to the sele¬ 
nium, and it became still more electro-positive when the 
latter was illuminated. On the other hand, with carbon or 
copper, the selenium was the electro-positive element, 
becoming electro-negative on illumination. These results 
are similar to those of Sabine with platinum. 

, APPLICATIONS. 

The most serious practical application of selenium resis¬ 
tances has been in the telegraphic transmission of pictures. 
For this purpose, light is passed through the picture, which 
is kept moving ; the transmitted light therefore varies with 
the shading of the picture, and as it is allowed to fall upon a 
selenium resistance, currents are transmitted over the tele¬ 
graph line which vary according to the shading of the pic¬ 
ture. At the receiving end this fluctuating current causes 
variations in a beam of light which falls upon a sensitive 
film moving in synchronism with the picture at the trans¬ 
mitting end. 

In order that such a method should work at all quickly 
it is necessary to eliminate the lag to which the selenium 
resistances are subject, and to have a constant current as 
the result of a given illumination irrespective of the time of 
exposure. This has been ingeniously effected by A. Korn,* 
by connecting two selenium resistances, as in Cardew’s 
method of measuring resistances, as indicated in Fig. 198. 
Since the current through the galvanometer is the difference 
between the currents through the selenium resistances, it 
follower that if the resistances were precisely similar in their 

* * The Electrician, Vol. I.VIII., p. 577, 1907. See also T. Thorne Baker, 
The Eleelriaian, Vol. LXIV., p. 1070, 1910. 
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response to light no current would flow as the result of illu¬ 
mination. If, however, the resistances differ suitably in their 
sensitiveness and inertia, a given illumination will always 
cause the same effect. The result will be independent of pjp- 
vious illumination, because if one resistance tends to be, say, 
too low the other resistance will have the same tendency, and 
since the two effects are in opposition they tend to cancel. 
Actually the compensating resistance is illuminated slightly 
later than the one to be compensated, so that compensation 
does not come into play immediately on exposing the 
operating resistance. In practical working tht plaee of the 
galvanometer is taken by the line and the receiving instru¬ 
ment. * 
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Fm. IBS.—Compensation of Selenium Resistances. 


Many attempts have been made to use selenium in 
photometric work, so as to eliminate the eye in such work 
and render the measurements less dependent on the skill of 
the observer. At the outset it must be recognised that, 
selenium photometers can only be produced by calibration 
against lamps of known candle-power, and since the sensi¬ 
tiveness of selenium varies with the wave-length of the light, 
the indications obtained will depend on the quality of the 
light. Consequently such instruments can only bo relied 
upon for comparing lamps of the same character as the 
standards with which they are calibrated. 

A selenium photometer for industrial use has been de¬ 
scribed by T.Torda.* In this instrument the current through 
* Tht Electrician, Vol. LVt, p. 1042, 1906. , 
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the selenium when in circuit with two dry cells is read on 
a milliammeter. Having read the current corresponding 
to the dark resistance a shutter is opened so as to expose the 
sejenium to the source of light it is decided to measure, this 
being at a fixed distance. In order to have definite condi¬ 
tions, the shutter is controlled by clockwork, so that it 
remains open for only two seconds, and then remains closed 
for 40 seconds before a further observation can be made. In 
this way long exposures are avoided and a sufficient period of 
darkness is given to ensure a reasonable degree of complete 
recovery. The candle-power is read from a calibration 
curve. 

The earliest practical application of selenium was made by 
Graham Bell * in his photophone, an instrument for tele¬ 
phonic transmission by means of light. In this device the 
voice was directed against the back of a mirror, and a beam 
of light reflected from the front of the mirror was directed 
on to a selenium resistance, in series with which was a 
telephone receiver and a battery. The effect of the voice 
was to cause variations in the beam of light, or to give 
what Bell termed an “ undulating beam,” to which the 
selenium responded, and thus the telephone reproduced the 
transmitted sounds. 

An apparatus termed the optophone, depending upon 
selenium, has been devised by B. E. Fournier d’Albe t to 
enable the blind to read ordinary type. In this apparatus a 
beam of light passes through a rotating wheel having holes 
perforated on a number of concentric circles. Thus, a 
number of intermittent beams are obtained, each having a 
different frequency. These beams are focussed on the papier 
in a space the size of a letter of the print to be read, and are 
diffusely reflected from the paper on to a selenium reaist- 

* Amrkmi Journal of Science, Vol. XX., p. 306, 1883. 

<-t WU Bhdriam, VoL LXXU.,p. 101,1813; sad ProcetAinge Eqysl 
Society; Vt|. XC., p. 373, 1914. 
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ance, in series with which is connected a battery and tele¬ 
phone relay, the latter being connected to an ordinary 
telephone receiver. If the paper is white a note is heard in 
the telephone corresponding to the resultant of all the be^ns, 
but if the paper bears a letter, a certain number of the 
beams are ineffective, being no longer reflected, and the 
note changes. Consequently, if a line of print is passed 
over the aperture where the beams are focussed the note 
varies with the letter, and with practice the print can be 
read by the sounds that are emitted. 

Many proposals have been brought forward to work- 
devices by relays actuated by light falling on selenium. 
Most of these have been rendered useless by the incon¬ 
stancy of the selenium resistances used, and their high 
temperature coefficient of resistance. The most successful 
application so far has been to light buoys anchored in waters 
difficult of access, the light being automatically switched on 
at nightfall. A similar application is the automatic switch¬ 
ing on and off of street lamps. Mr. C. J. Turner, electrical 
engineer to the Hoylake Urban District Council, has used 
selenium for this purpose* The selenium resistance, which 
varies from 3,000 ohms in the light to 150,000 ohms in the 
dark, is placed across the supply voltage in series with a 
wire resistance of 14,500 ohms, and the coils of an electro¬ 
magnet. In daylight the current is sufficient to cause the 
electromagnet to pull over an armature fixed to a lever. 
The latter carries a forked contact piece, which dips into 
mercury cups, and completes the lamp circuit. Conse¬ 
quently when the lever is raised by the action of^the electro¬ 
magnet the lamp circuit is broken. At night the Current 
becomes so far reduced that the armature is released. 
The exact point of switching in is regulated by adjusting 
• weight which more or less balances the lever. 


* 1M IBuminating Engineer, VoL IX., p. 88,1818. 
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CARBON-CONSUMING CELLS AND THE 
COMMERCIAL GENERATION OF ELEC¬ 
TRICAL ENERGY. 

Efficiency of Generation, p. 418.—Electric Lighting by Primary Batumi*, 
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Cell, p. 441.—Blumenboigs Cell, p. 445.—Short’s Cell, p. 446.— 
Heating of Cells, p. 447. -Jungner's Oil, p. 448.-Emission of 
Electricity from Hot Carbons, p. 450. 

EFFICIENCY OF GENERATION.— On account of the 
inefficiency, complication, and cost of steam plant, attempts 
have been frequently made to supply electrical energy from 
primary batteries on a commercial scale. That there is 
some ground for the hope of economy appears from the 
fact that the all-day efficiency of a steam-driven generating’ 
plant on a lighting load is not likely to be more than 6 per 
cent., only 6 per cent, of the energy in the coal appears 
as electrical energy.* A station with plant of the Diesel 
type shows, of course, a higher efficiency. Also power 
stations, which are more efficient than those for lightingi 
need scarcely be considered in this connection. 

In a steam driven plant there are several ‘transforma¬ 
tions of energy, bat in a battery there is only one such 
transformation, and consequently there is the possibility 
of a greater efficiency. We start with the energy of a 
chemical reaction; and the question to be dealt*with^is: 


• Proc. lnat. Junior Engineer*, VoL JX., p. 97, 4899. 
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How much of this energy can be converted into electrical 
energy ? To this question it is difficult to give an answer 
which shall have a general application, because the 
efficiency varies with the class of battery considered, but 
it is possible to arrive at a figure having a more or less 
mean value for commercial purposes. 

The causes of inefficiency in a battery are the following: 
—(1) Temperature-coefficient; (2) Polarisation ; (3) In¬ 
ternal resistance ; (4) Local action ; (5) Incomplete utilis¬ 
ation of materials. 

Let us consider the efficiency in the case of a large 
battery such as would be necessary for a central station; 
for exanfple, a battery of 100 cells, giving 100 volts, and 
capable of supplying 1,000 amperes, and required for 
lighting purposes. A low value is taken for the E.M.F., 
because that of a carbon-consuming cell is not likely to be 
much greater than one volt. 

. (1) Temperature-Coefficient .—As we have already seen, 
the E.M.F. of a cell is not given merely by the heat of 
formation of the salt voltaically formed. There is a term 
depending upon the temperature-coefficient which may be 
positive or negative, and therefore the E.M.F. may be 
greater or less than the equivalent of the heat of forma¬ 
tion. In other words, the efficiency may be greater or 
less than 100 per cent., according as the temperature-co¬ 
efficient is positive or negative. Consequently, in seeking 
a general figure for the efficiency of a battery, it is pre¬ 
ferable to disregard temperature-coefficients, and thus to 
assume 100 per cent, efficiency on that head. 

(2), Polarisation .—The loss due to the polarisation is a 
variable one, increasing with the current density and there¬ 
fore with the load. Since a cell to be of commercial value 
lor this class of work must have good depolarising qualities, 
it nj^be assumed that the drop on account of polarisation 
at Ml load will not exceed 15 per cent Assuming further 
that the average load in a lighting station is about one 
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quarter of the maximum in a day’s run, then the mean loss 
is about 4 per cent., or the efficiency 96 per cent. 

(3) Internal Resistance .—In the case of internal resistance 
the loss again increases ■with the load. Assuming that 
each cell has an internal resistance of 0'0002 ohm, then the 
resistance of the whole battery would he 0 02 ohm and the 
drop in pressure when supplying a current of 1,000 amperes 
would be $0 volts. It may seem that there is no particular 
reason for assuming such a value for the internal resistance, 
but the assumption is only tantamount to a statement that 
the internal resistance must not much cxcoecf this figure if 
(lie plant is to be commercially successful. If a quarter of 
this loss be again taken as a mean value the loss will 
amount to 5 per cent., or the. mean efficiency to 95 per cent. 

(4) Local Action. —The loss per hour due to local action 
is probably a fairly constant quantity, being much the same 
whether the battery is on open circuit or is supplying a 
current. Hut the ratio of material wasted to that which is 
usefully dissolved varies from an infinite value when the 
cell is on open circuit to very possibly a negligible quantity 
at full load. It is difficult to fix upon a definite figure 
because local action varies very much with the nature (if 
the battery ; but it is probable that the loss might be 
reduced to 5 per cent., more particularly when it is re¬ 
membered that a battery of the kind considered would not, 
be subject to intervals of rest. We shall therefore assume 
an efficiency of 95 per cent. 

(5) Utilisation of Materials .—The loss due to incom¬ 
plete utilisation of materials is generally Serious. ‘Plates, 
as a rule, cannot be completely dissolved because a certain 
mechanical strength is required to maintain the desired 
form.: further, the corrosion is seldom uniform, with the 
result that parts, or even the whole, of a plate may drop 
off while still in good condition. It is also often impo% 
aible to completely utilise the electrolyte owing tp the fall 
in E.M.F. as chemical changes proceed. On a large settle 
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the waste material could no doubt be worked up to some 
extent for further use, and in such a case it may perhaps 
be assumed that the loss would not exceed 15 per cent. 

t JFor the total efficiency of the battery we have therefore 
the following figures ■— 


Cause of Inefficiency. 

Efficiency, per cent. 

Temperature Co-efficient... 

ioo 

Poliirisatirn . 

96 

Internal Resistance . 

96 

Local Action . 

95 

Incomplete utilisation of Materials. 

95 

Total Efficiency. 

. 75-6 


It appears, then, that we have a possible efficiency of 
about per cent, for a battery, as compared with 6 per 
cent, for the corresponding steam plant. There is there¬ 
fore cause for encouragement as far as efficiency is cen- 
cerned, but unfortunately the cost per unit docs not 
depend merely upon efficiency; it depends also very 
largely upon the cost of the material or fuel consumed, 
upon handling and maintenance—a fact which is too 
frequently forgotten by inventors of primary batteries. 

ATTEMPTS AT ELECTRIC LIGHTING BY PRIMARY 
BATTERIES.—Numerous attempts were made during the 
years 1886—1888 to use primary batteries for the com¬ 
mercial generation of electrical energy. Among the most 
promising may be mentioned the Lalande* battery, con¬ 
taining the usual copper oxide as a depolariser in a caustic 
alkali Solution, 4nd TJpward’sf battery, in which the plates 
were carlwn and zinc, the latter being in a porous com¬ 
partment filled with chlorine. 

Coming to more recent years, in 1898 the ltowbotbanr 
battery received a good deal of public attention. The 
ijegatrve plates are of carbon, while the positive plates are 

~*ln^ElictriMH. Vol. XVII., p. 281,1886. 

t TU Electridun, VoL XVII., p. 155,1686. 












SARBOX-COXSUMIfiG CELLS. J 


410 


iron, which lias the advantage of being cheaper than zinc, 
but in some respects is more difficult to use. The cells 
are of somewhat complicated construction. They consist 
of an open central compartment with an air-tight oqjn- 
partment on either side. The latter are connected by 
means of porous porcelain tubes through which there pass 
carbon rods; these are connected together and form the 
negative plate, the iron plates being placed in the open 
part of the cell. The dosed compartments contain a 
mixture of sulphuric acid (for example, to the extent 
of ?>0 per cent.), water, and a little nitric add, whilst the 
open compartment is filled with water only. Sufficient 
acid finds its way through the porous tubes to render the 
water conducting. When the circuit is closed, gas is 
evolved at the carbon rods, and gives rise to pressure 
in the closed compartments, with the result that more 
acid is forced through the tubes, thereby reducing the 
internal resistance and enabling the cell to discharge at a 
higher rate. In batteries the cells are mounted on an 
incline, with all the closed compartments communicating in 
such a way that the electrolyte flows from cell to cell and 
is thus maintained of a sufficient strength. Similarly a 
stream of water is supplied to the open compartments in 
groups. When the current generated is diminished, the 
pressure in the closed compartments also diminishes, with 
the result that less acid passes through to the iron. Finally,* 
when current is no longer taken from the battery the open 
compartments are automatically flushed out with water, thus 
reducing local action to a minimum on open circuit. The 
hlM.F. per cell is l-flo volts, and the cost per unitfexojuding 
depreciation, interest on prime cost, or superintendence, is 
stated by H. T. Harrison to be under 5d. per Board of 
Trade unit, but this figure probably does not include the 
cost of handling materials and manufacture of plat4b. 

In 1898 there also appeared Doe’s battery, the essential 
feature of which is the electrolyte; the composition of 
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this has not been disclosed. According to a report by 
H. K. Parshall, the E.M.F. is very constant on closed circuits 
Later, there appeared Benko’s battery, which is de¬ 
scribed in Chapter VIII. of this volume. 

COST OF GENERATION.—The following figures are of 
interest as showing the cost of production which has been 
claimed for various systems of primary batteries.-— 


B»tterjr. Coet ew stated. 

Hops .=gaa at 5s. 6d. 

Regent.=gaa at 6«. 

Upward .!.= gas at 7s. 

Weymergch .=0 - 75d, per 30-watt lamp hour. 

Renard .= 0*2d. per c.p. hour 

O’K^enan .:.= 0'5d. per 12 c.p. lamp hour. 

Holmes and Burke.=0'5d. per 10 c.p. lamp hour. 

Newton .. =0'16d. per 10 c.p. lamp hour. 

D’Huray.= 0'25d. per 10 c.p. lamp hour. 

Rowbotbam.— 5d. per B.T. unit. 


Many of these figures appear at first sight to be very 
favourable, but it must be remembered that they probably 
refer only to cost of material, or include profit on possible 
bye products, and are therefore liable to be very misleading. 

Let us consider for a moment what is the minimum 
theoretical cost of materials. Most batteries employ zinc 
as the positive plate, the cost of which in the raw state at 
the present time (November, 1901) is about £17 per ton. 
Now, the amount of zinc required to furnish 1,000 ampere 
hours, according to the electrochemical equivalent, is 
2‘671bs.; and therefore if the mean terminal potential dif¬ 
ference of a cell is 1 volt, a Board of Trade unit will require 
2-671bs. of zinc, the cost of which at this wholesale price is 
4'86d. If.the mean terminal pressure is To volts the cost 
df this*item falls to 3’24d., and if the pressure is 2 volts the 
qos't is only 243d., the cost varying inversely as the mean 
terminal pressure at which the cell can be worked. 

As an example of the complete calculation of the mini- 
nfiun cost of materials, we may take the Daniell cell, in 
which thi reactions are exceptionally definite. Besides 
sine, we have zinc sulphate, copper sulphute, and copper. 
Of these, zinc sulphate only requires to he supplied in the 
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first instance, being Subsequently formed by the actiou of 
the' cell, solution being withdrawn and water added 
occasionally to prevent saturation. This salt may there¬ 
fore be neglected. Copper sulphate, on the other hand, 
must be continually supplied, but it gives rise to pure 
deposited copper, which may be sold. The E.M.F. of a 
Daniell cell is, roughly, 11 volts; we may therefore take 
1 volt as a possible mean terminal pressure when on circuit. 

The amount of copper sulphate, considered as having 
the formula CuSC>4.5H a O, decomposed by 1,000 ampere 
hours is 1013 lbs., which, at the rate of £22 per ton, 
costs 23'50d. Similarly, the amount o£ copper deposited 
by 1,000 ampere hours is 2'57 lbs., which, a? the rate 
of £72. 10s. per ton for “best selected,” has a value of 
19'96d. Thus we have the following figures for the cost 
oi a Board of Trade unit generated by a Daniell cell, with 
a mean terminal pressure of one volt:— 


Minimum Theoretical Cost of Materials per B.T.TJ. Generated 
by a Daniell Cell. 


Material. 

Weight. 

Coat in Penoe. 


2-67 lbe. 
1015 „ 

2'57 „ 

4*86 

23'50 

■- 28-26 

mb 

Totol. 8-40 , 


law copper deposited. 


Consequently the cost of material per Board of Trade unit, 
excluding impurities, local action, and handling, and at 
wholesale prices, is 8-40d. If the terminal working pres¬ 
sure were 2 volts, this figure would, of course, oe seduced 
to one-half the above. But even if such were the case, it is 
necessary to remember that .no account has been taken of 
maintenance, interest on capital, and labour, in addition to 
handling (including manufacture of plates), local actipn, 
and impurities, which have already been mentioned. Con¬ 
sequently, thefost per unit is much higher than the cost 
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by steam generation. It is not, however, necessary that 
the cost per unit should be as low as with steam plant/ 
for there are many isolated private installations where the 
simplicity of a primary battery would be welcomed if the 
cost of generation were not excessive. 

Such calculations show the importance of high E.M.F. 
in a cell. Another point is also important, viz., the cost 
may depend to a large extent upon the electrolyte; in 
other words, the high cost of zinc is not such a control¬ 
ling factor as is sometimes thought. As a cheaper 
material than tine, iron has sometimes been used; but it 
has the great disadvantage that if it is placed in an acid 
solution l«cal action cannot be prevented, and if the 
electrolyte is not acid, oxide or basic salts are deposited. 

Instead of basing costs on theoretical figures, which are 
liable to lead to results that are far too low, it is better to 

O 

rely on actual experiment as far as possible. As the 
result of numerous tests, the author came to the conclusion 
that the amount of zinc required in a Benko battery,* 
assuming careful working, was about 3-24 lb. per unit, 
including local action and waste. The prices of material? 
(wholesale, in 1910) may be taken as follows : Amalgamated 
zinc plates, about £34 per ton ; sodium bichromate, 3d. per 
lb.; concentrated sulphuric acid, £3. 2s. Cd. per ton, or 
more dilute acid, £1. 10s. per ton. The author found that 
the quantities and costs were approximately as follows on 
the assumption that the waste zinc amounted to about 
25 per cent, and would be re-sold at, say, £1. 10s. below the 
market price (£22 per ton) of raw zinc :— 


o Pot unit. 

Zine,«-24lb.*t.md. 11-84 

Um 0-81 lb. at 2-2d. 1-84 

- 104 

Sodium bichromate, 3 6 lb. at 3d.. lid. 

Sulphuric acid, cone., 9 lb. at 0 33d. 3d. 


^_ Total 24d. __ 

• Journal, limitation of Electrical Engineers, Voi. XLVT., p. 741.1911. 
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Cost of carriage would, of course, have to be added for 
each particular case and also the cost of labour. The latter 
would be very email if proper facilities were provided, as a 
solution of the kind used is made very quickly. 

The problem of supplying light from primary batteries is 
much more important now than it was some years ago, 
because the conditions have changed. Low voltage metal 
filament lamps consuming only 1 watt per candle are avail¬ 
able in convenient sizes, and comparatively high candle 
power low voltage lamps, consuming only half a watt per 
candle, or thereabouts, are coming on thewnarket. Con¬ 
sequently, the number of units used for a given illumination 
per annum is very much less, and thus a'cost of or even 
3s. (id., per unit is not ltv any means prohibitive for small 
country houses which arc not large enough to warrant the 
installation of an oil engine set and battery of accumulators, 
for example, 200 units per annum at 2s. ]>er unit amounts 
to £20, which, in many cases, would not be considered an 
exorbitant sum to pay for light in the principal rooms of a 
small country house. 

' NECESSARY CONDITIONS.—In addition to being 
cheap, the positive material should be as highly electro¬ 
positive as possible and coupled with a strongly electro¬ 
negative material in order that the E.M.F. may have a high 
value. A sufficient difference in electro chemical character 
is sometimes obtained by using a compound, such as an 
oxide, for the negative material: for example, lead is not 
nearly so electro-positive as zinc, yet it gives a high 
E.M.F. when coupled with lead peroxide in sulphuric acid, 
the peroxide acting at the same time as a depofariser. 

If the negative material undergoes no appreciable change 
its eost may be relatively high without rendering the cell 
commercially useless from the point of view of cost. But 
if a voltaic change takes place, such as reduction by a 
polarising ion, then the material must be either cheap 
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or easily regenerated, This remark also applies to the 
electrolyte, 

CARBON AS AN ELECTRO-POSITIVE MATERIAL.— 

The«search for a cheap material has naturally led to the con¬ 
sideration of coal for this purpose. Coal has the advantage 
of cheapness, and, although it is practically a non-conductor 
on account of the hydrocarbons which it contains, it is 
readily carbonised and thus converted into a conducting 
material which is nearly as good from the point of view of 
energy, and gives rise, in its carbonisation to valuable by¬ 
products. Nearly all our power at the present time is 
derived from the combustion of coal, but in a manner which 
is far frotn'efficient. In this process the carbon may bum 
either to carbon monoxide, with a heat of combustion of 
29,000 calories, or to carbon dioxide with a heat of 96,960 
calories. The latter is the maximum heat obtainable byi 
the complete combustion of carbon, but of this heat, as 
already stated, only about 6 per cent, is converted into 
electrical energy by steam plant for lighting. If we could 
carry out this combustion, or oxidation, voltaically, then it 
would be possible to rise from this low efficiency, to a very 
much higher figure, which we estimated on p. 418 to be 73J 
per cent. If the process were limited to the use of carbon 
monoxide instead of carbon, completing the oxidation 
f^om carbon monoxide to the carbon dioxide, then the 
efficiency of 731 per cent, would be reduced to 511, but 
the gain would still be very considerable. Before dealing 
farther with this possibility, which has been the dream of 
mtmyan inventor, let us return to the question of efficiency. 

JNFLHENOB OP EFFICIENCY ON THE COST OP 
GENERATION.—In considering the effect of an increase of 
efficiency on the cost of generation we shall regard coke 
(or carhop) and coal as being practically equivalent. They 
are pot strictly so, because the calorific value of coke is not 
ah high as tlvir of the best coal; but, on the other hand, coke 
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» somowhafc cheaper, with the result that the cost is about 
the same for both kinds of fuel for the same calorific effect. 

Now, if it were possible to pass from an efficiency of 
6 per cent, to 73.1 per cent., then about twelve timqp the> 
number of units could be generated for the same quantity 
of coal, and the coal bill would le reduced to one twelfth. 
Let us consider what is the effect of a saving of this kind. 
It may be assumed that a unit can be generated with steam 
plant and distributed for lighting by the combustion of 
10 lb. of coal, and that, if the price of coal is 17s. per ton, 
the cost per unit (including maintenance) amounts to 
about 2-5d. In this figure the coal accounts for 0-9d., and 
if this can be reducejj to one-twelfth the saving per unit 
amounts to over three farthings. This is a substantial 
saving, being at the rate of over 30 per cent, for the supply 
, authority, but it does not affect the price to the consumer 
to the same extent, because the latter price must always 
exceed the cost price bv an amount sufficient to pay 
interest upon the capital invested. If the price to the con¬ 
sumer is to be much reduced, then it will be necessary in 
some way to diminish the capital required. Economy in 
this direction might be possible in the generating station, 
but is otherwise limited on account of the heavy outlay on 
distributing systems, the cost of mains under existing con¬ 
ditions accounting for something like half the capital ex¬ 
penditure in small undertakings, as distinct from large 
systems, to which these remarks do not apply. Voltaie 
methods would not produce a saving in the mains. 

It is easy to see what would be the effect of ah increased 
efficiency in the case of steam plant, but it by fto means 
iollows that the same result would be gained by effecting 
this economy voltaicallv. Whether the increased efficiency 
would lead to greater economy must depend # upon the 
battery itself. Capital expenditure, cost of materials, 
maintenance and labour must all be taken iq^o considera¬ 
tion ; and \ahen that is done it is, unfortunately, quite 
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possible that we should find, in the case of a carbon¬ 
consuming battery, that, although the efficiency is much 
improved, the total cost is increased instead of being 

diminished. 

* 

VOLTAIC DIFFICULTIES WITH CABBON.-In attempt¬ 
ing to make use of carbon as the electro-positive material 
in a voltaic cell, theoretically we are not limited to any 
particular kind of reaction. If it were possible, we might, 
for instance, attempt the voltaic conversion of carbon into 
a salt; but since the question of cost is of paramount 
importance, and since oxygen is the element which is most 
readily obtained, nncl of which we have an inexhaustible 
supply, it is usual to limit the problem to the voltaic 
imitation of carbon. 

In considering this problem, with its many difficulties, 
it-is necessary to clearly bear in mind the distinction 
already referred to between chemical and voltaic action 
(see p. 8), and, further, the fact that local action may some- 
‘ times be obtained, but that it is useless for our purpose. 
It should also be remembered that voltaic reactions take 
place between ions. 

One of the earliest attempts to obtain electrical energy 
direct from carbon was that of Jablochkolf, who placed 
carbon in fused potassium nitrate. l!ut such a method 
cannot produce any result of value, for the oxidation 
takes place quite as energetically whether the electric 
circuit is opened or closed. Having regard to the local 
action which arises,when impure zinc is placed in sul¬ 
phuric acid, it might he objected that local action on open 
circuit does not preclude the possibility of obtaining elec¬ 
trical energy on closing the circuit, although the method 
might thereby be rendered commercially useless. 1 But the 
local action between zinc and sulphuric acid takes place 
through the agency of the ions; it is essentially electrolytic. 
There is no reason, on the other hand, to look upon the 
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oxidation of carbon by potassium nitrate as electrolytic. 
The ions of KN0 3 are K and NO*. But the oxidising 
power of KNO s depends upon its reduction to potassium 
nitrite, or KN0 2 , from which decomposition KN0 3 agpcanj 
as KNOj+O. The oxidation, therefore, does not take placft 
by means of the ions, and it is unlikely that there should 
be any transformation into electrical energy. As another 
example of this kind sulphuric acid may be mentioned. 
This acid can be reduced by suitable reactions to sul¬ 
phurous acid, showing that it may be looked upon as 
H 2 S0a+0, but it does not follow that tli#se are the ions. 
Oil the contrary, the ions of sulphuric acid are If and 
HbOj, or If, H and SO,, according to the conditions. 

One of the fust fhtiieulties with which we have to 
contend is that of getting the carbon into solution. It is 
an element wliich is unacted upon by the usual solvents. 
1 This in itself does not necessarily render it impossible that 
voltaic solution should occur, for voltaic reactions often 
take place which are impossible by ordinary chemical 
means: in fact, this must be the case in every voltaic cell 
if local action is to be avoided. But it is necessary that 
solution should take place by means of ions and that the 
solution obtained should he an electrolyte, or, iu other 
words, should he in a state of ionisation. 

Unfortunately carbon does not form salts. When, for 
example, it is used as an anode in hydrochloric acid, it (fees 
not pass into solution as a chloride, and although a chloride 
exists—vis., carbon tetrachloride, CC1,—this has none oi 
the properties of a salt, and is, moreover, ap insulator 
Indeed, comparatively few compounds of carbon are 
electrolytes; and in such as there are, carbon does not 
appear as an ion. 

Another difficulty is due to the position of carbon ir 
the electro-chemical series. As already pointed out, it ii 
important that the positive plate of a cell should be Bighlj 
electro-positive ps compared with the negative plate 
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Unfortunately, carbon is itself strongly electro-negative. 
By referring to the table of elements given on p. 19 it 
will be seen that no suitable metals are electro-negative to 
carbon, from which it appears that recourse must be had 
to coftipounds ot the metals with the non-metals to obtain 
a suitable material—for example, oxides. The electro¬ 
negative character of a body is generally increased by 
causing it to combine with a non-metal. 

Ueeapitulating, we may say that the chief difficulties 
encountered in the voltaic consumption of carbon are on 
account of the Allowing:— 

(1) The insoluble nature of carbon. 

(2) Th(f scarcity of electrolytic carbon compounds. 

(3) The inability of carbon to &ct as an ion in such 

organic compounds as are electrolytes. 

(4) The electro-negative character of carbon. 

POSITION OF THE OXIDISING AGENT.—Supposing 
that voltaic oxidation is possible, let us consider where the 
oxidising agent must be placed. In the case of a simple 
element, consisting of zinc and platinum iu sulphuric acid, 
it is not essential that the zinc should be in contact with 
the acid. If the conditions are arranged so that the 
depolarisation is good, we may imagine zinc sulphate to 
be formed so rapidly on the surface of the zinc that the acid 
is*there neutralised and is no longer in contact. In fact, 
the zinc may he placed in a porous pot containing zinc 
sulphate solution, the acid being only in the neighbourhood 
of the platinum. The current will still he generated, and 
thus we see that what we regard as the active solvent iu 
the case* of a simple element may be either in contact 
with the positive material or away from it. Is it also the 
case that the oxidising medium may be either in contact 
with, or away from, the carbon ? 

T<V answer this question, let ua consider a few possible 
combinations. First take the case af carbon coupled with 
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a metal M in water, which for the moment we will suppose 
to be an electrolyte. The reaction may be represented as 
in Fig 199. An atom of carbon, being tetravalent, com¬ 
bines with four hydroxyls to give C(OH),. This compound 
is unknown, but may be looked upon as the hypothetical, 

M • C 


h:;oh 

h::oh 

K'OH 




h,:o h 
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H OH 
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h:oh h’;oh hom 


Fia.199. —Hypothetical Voltaic Oxidation of Carbon m Water. 


carbonic acid, H 2 CO a , in combination with one molecule of 
•water. The polarising ion is seen to be hydrogen, but after 
a time carbon would be deposited on M in the same way 
as it is possible to have deposition of zinc on the platinum 
of a simple element. 

m c 


tfjOH M^'oh"”i^;Oh' 

M'ioH 

M'iOH, 

l/jOH 

Fw 200 —Oxidation by a Metallic Hydroxide.” 

• 

If the water is replaced by a metallic hydroxide, M'OH, 
as the electrolyte, the oxidation is then represented by 
Fig. 200. Here M' is the polarising ion, instead -of 
hydrogen, and will have to be removed, unless it i| the 
same u *M. 
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In time carbon will reach the plate M, and will tend to be 
deposited, requiring further oxidation, though local action 
on the plate M will prevent such a deposition to a great 
extent. If the action is continued until the whole of the 
metal M' is replaced by carbon, we then have carbon as 
the exclusive polarising ion, as indicated in Fig. 201. The 

m c 

c:i(OH) a c;ioh)„ c.iohj 

^ Fig. 2(Jh.—Carbon as the Polarising Ion. 

• i 

action of the cell must then cease, unless oxygen is sup¬ 
plied at the plate M. In this case the cell is analogous to 
a gas cell, the oxidation taking place, as it were, twice-r- 
onoe at the carbon plate and again at the metal M. 

In place of an oxidising electrolyte we may have a 
body, M'A, which is more like a sab, and acts merely as a 

m c 
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m';a 

M';A 

M'lA 

Flo. 202.—Solution but not Oxi lation. 

solvent consisting of a metal M' ( which we will suppose 
monovalent, and an electro-negative radicle A. This body 
must be such that carbon is able to form the body CA,, in 
which case the voltaic reaction is represented by Fig. 202. 

gere ^4' is the polarising ion; there is solution, but not 
oxidation. ( By transforming the cell into the Daniell type. 
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as indicated in Fig. 203, the hydroxide M'OH being intro¬ 
duced in the neighbourhood of the plate M', there is 
solution in one compartment and oxidation in the other. 
The oxidation of the carbon here takes place as the pplar- • 
ising ion, and the oxidising agent is at a distance from the * 
carbon plate. 

From the above considerations it appears that, theoreti¬ 
cally, the oxidising agent may act simultaneously as the 
solvent and as the oxidant, or it may be placed at a dis¬ 
tance from the carbon, acting as the oxidant alone and 
oxidising the carbon as the polarising *ion. Provision 
must, of course, be made for depolarisation in any case, 
but the polarising ion is not necessarily carbon. In this 
m' , c 
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Fia 203.—Solution and Oxidation. 


discussion we have assumed that carbon is capable of 
forming a carbonic acid which is an electrolyte. Unfor¬ 
tunately, this is not the case, any such acid (if formed) 
immediately breaking up into water and carbon dioxide 
gas. 

In what precedes, the problem has been discussed from 
a perfectly general point of view. It will, however, be 
remembered that there are two possible* main reactions. 
We may either attempt the oxidation of carbon to* carbon 
dioxide; or, if that is impossible, the oxidation of carbon 
monoxide to the dioxide. It is unnecessary to consider 
the oxidation of carbon to the monoxide, partly.because 
the thermal value of the reaction is too small to give a tell 
with a sufficiently high E.M.F. to be a commercial success, 
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and partly because if this reaction were possible it is 
probable that there would be no difficulty in completing 
the oxidation to the dioxide, and thus utilising the 
, maximum energy available. We shall therefore consider 
only the two remaining reactions, turning first to the 
second alternative. 

GAS CELLS.—What is usually known as Grove’s gas 
cell consists of two platinum electrodes partly immersed 
in acidulated water and partly in gases—for example, one 
in hydrogen and the other in oxygen. Grove experi¬ 
mented with various other gases, besides oxygen and 
hydrogen, 'including carbon monoxide coupled with 
oxygen. 

It appears that the effective action of such a cell 
depends upon the extent of the occlusion or absorption of 
the gases by the electrodes. Thus platinised platinum is 
more effective than ordinary platinum because it has a 
greater power of occlusion. We may therefore look upon 
the plates of an oxygen-hydrogen cell, for example, as 
consisting of oxygen and hydrogen, which are possibly 
in the atomic state and therefore in a very suitable 
condition for voltaic action. 

The Grove gas cell is not of commercial value because 
the rate of occlusion of the gases is too small. As 
soon as the quantity of electricity required per second 
exceeds the equivalent of the rate of occlusion, the KM T 
falls rapidly. The total occlusion, and therefore the capa¬ 
city of the cell for a high rate of discharge, depends, of 
course, upon the area of the electrodes, especially on that 
part near the surface of the electrolyte; but the area 
required to give a discharge, suitable for commercial pur¬ 
poses is so large as to be out of the question on account of 
tjhq cost. It is therefore necessary to improve the oh»m>.fa» r 
of ,the electrodes if there is to to be any commercial develop¬ 
ment on these lines. 
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A considerable advance has been made by K. Siegl,* who 
holds the view that the immersed parts of the plates of a 
gas cell cannot be effective when the celHs in action, because 
the gas on that part of the surface cannot be easily* 
renewed. Probably the most important part of the plate 
is the surface near the electrolyte. For his cells Siegl 
uses platinised lumps of carbon about 3 mm. in diameter, 
so as to avoid the cost of platinum sheet. These are 
placed in flat closed cells of unglazed earthenware, which 
form gas chambers, and which also contain carbon plates 
to act as collecting electrodes. The eftrthenware cells 
are placed in a vessel containing the flectrolyte in which 
the cells become soaked, so that the carbon surfaces within 
are moistened. Any number of cells can be so arranged, 
alternately positive and negative, similar poles being con¬ 
nected together. By this arrangement a laige junction is 
obtained between the upper surface of the electrolyte and 
the platinised carbon element. 

Siegl tried chlorine, oxygen, air, carbon dioxide, acetylene, 
coal gas and hydrogen, the electrolyte being dilute sul¬ 
phuric acid, except in the case of chlorine, when it was 
dilute hydrochloric acid. The following E.M.F.s were 
obtained :— 


Chlorine a.nd hydrogen . 


.. 0-9 „ 



. 0-8 - 


Carbon dioxide snd hydrogen . 


. 0-8 „ 

. 03 .. 

J — . * 


It is difficult, to see what reaction therecan b^with carbon 
dioxide and hydrogen, and it is curious that the' E.M.F. 
should be the same as with air and hydrogen. Siegl states 
that the current obtainable over a continuous discharge 
is at the rate of 20 milliamperes per square decimetre of 
active surface, and that the cost of running in the case of 


* KUktroiccXnuicbeZ&iKhrift, Voi. XXXIV., p, 1317,1912 Abateact Ul 
Tkt BUetrkm, %>L LfCXII., p;60», 1914. 
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air and coal gas is only 204d. per unit. Variation of the 
gas pressure up to 8 atmospheres did not produce any effect 
on the E.M.F. The,cells were so far commercial that they 
Were taken up by C. Schniewindt, of Neuenrad ; but the 
Author is not aware whether they have been placed on the 
market. 

The principle of the gas cel' has been applied by Com- 
melin and Viau to accumulators in which the gas on charging 
is collected under pressure, but the results do not appear 
to have been of commercial value. 

There seems to.be greater difficulty with carbon monoxide 
than with hydrogen. This is shown to some extent by the 
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Fio. 204.—Discharge Curves of Gas Cells. 

two discharge curves of gas cells given in Fig. 204. The 
curve A shows the fall of E.M.F. when a small cell containing 
hydrogen, dilute sulphuric acid and oxygen was connected 
up to a Weston voltmeter. The substitution of carbon 
monoxide for hydrogen in this cell gave a very low E.M.F., 
which, however, increased to 0-3 volt when the sulphuric 
acid was replaced by a solution of oxalic acid. Curve B 
shows the discharge of this cell through the same Weston 
voltmeter. Fiotn these curves it appears that the occlusion 
of carbon monoxide is considerably less rapid than is the 
case with hydrogen. 

Assuming that the conduction takes place by ionised 
wateg, the reaction in the case of a hydrogen-oxygen cell 
may be represented as in Fig. 205, the two plates being 
regarded as hydrogen and oxygen respectively. It is not 
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(fuite so easy, however, to see how the reaction would pro¬ 
ceed if carbon monoxide were substituted for hydrogen. 
The CO might perhaps combine with*the OH ion of the 
water, giving tOOH, which is half a molecule of .oxali* 
acid. The same reaction might take place with a solutiod 
of oxalic acid in place of water, as indicated in Fig. 206, 
the CQ passing voltaicallv through the oxalic acid and 


O H 


*— 


H.'jOH HjjOH 

H ! 

h; OH 

* 



• 



Fig. 205.—Iieac^on in the Hydrogen-Oxygen lias Coil, 
appearing as the polarising ion at the other plate, to be 
oxidised by the oxygen. But this reaction is rendered 
rather improbable by the fact that the molecule of oxalic 
acid consists of two COOH groups, which would have to be 
separated. Moreover, CO is not an ion of oxalic acid. 
What is really required for the voltaic oxidation of earbon # 
monoxide is an electrolyte in which CO is one of the ions, 
o co 


o c’6][6"h coj[oh Ice 

io OH CO OH 1 . 

Fjo. 20B.—Oxalic Acid ae the Electrolyte. 

• 

BOUCHERS’ CELL —A gas cell differing considerably 
from Grove’s was described by W. Borchers in 1894. This 
inventor appears to have acted on the principle that one of 
the gases should be absorbed by the electrolyse* He, there¬ 
fore, selected as an electrolyte a solution of cuproift chloride, 
either in hydrochloric acid or in ammonium hydrate, on 
account of its well-known property of absorbing carbon ' 
monoxide. The cell consists essentially of a carbon plate 
in air or oxygen and a copper plate in carbon monoxide, 
both plates dipping into a solution of cuproua chloride. It 
f" assumed *that the carbon monoxide goes into solution . 
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at the copper plate, traverses the electrolyte and is oxidised 
to carbon dioxide at the carbon plate. 

This cell gave very poor results, and it is difficult to see 
,why jt should do otherwise. The absorption of carbon 
•monoxide by cuprous chloride is a reaction that takes place 
under ordinary conditions, and does not require the closing 
of any circuit; it is therefore unsuitable for voltaic pur¬ 
poses unless the absorption of CO at one plate and its 
liberation at the other continues upon closing the circuit 
after the solution is saturated. Moreover, the compound 
formed by the absorption is an addition product— viz., 
CuX'lj.CO, whereas the ionisation and breaking up of an 
electrolyte i| always necessary in the voltaic formation of 
a compound. 0 


< 

ft 

CujuCij Cu 2 ;;ci 2 

co: 




Fib. 207.—Reactions in Borchers" Cell, 


Instead of an addition product, we might suppose that the 
"CO is able to combine with one of the ions of the cuprous 
chloride in some such way as that indicated in Fig. 207. 
If the Cq a Cl 2 breaks up, and CO is considered as the electro¬ 
positive plate, the Cu will go to the carbon and the chlorine 
mdst be looked to for combination with the CO. The com¬ 
pound COCl 8 is known, and its formation would appear 
probable but for the unfortunate fact that it is a dielectric 
and at ordinary temperatures it is a gas. 

" There jp nd doubt that the E.M.F. observed by Borchers 
was mainly due to the solution of the copper plate, and 
not to oxidation of carbon monoxide. This reaction is 
represented by_,Fig. 207 if the place of the CO is taken by 
Cu. The *coppfer migrates across, and is deposited upon 
U>e carbon; tt does not remain there, however, because the 
'cuprous chloride is oxidised by the oxygen aj the carbon 
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to cupric chloride, and this, in turn, takes up any free 
copper, re-forming the cuprous salt. 

If Borehers’ cell depended upon the assumed gas re¬ 
actions, and were simply a gas cell, the E.M.F. would not 
be affected by changing the material of the plates, |g., h> 
having both plates of carbon or of platinum. The capa¬ 
bilities of the cell for supplying current might suffer by 
such a, change, on account of changes in the power of 
occlusion, but the E.M.F. should remain unatfected. Such, 
however, is not the case, and we must therefore conclude 
that the E.M.F. of the cell is not really due to the voltaic 
oxidation of carbon monoxide. • 

METHOD OF 0. J. BEED.—It lias* been stated by C. J. 
Reed* that the ideaf cell consuming carbon, in any form, 
should fulfil the following conditions. The cell should 
consist of two indestructible electrodes immersed in an 
electrolyte which is held in two compartments separated 
by a porous partition. This electrolyte, or “ transforming 
substance," should be capable of forming an unstable 
compound with oxygen and also with carbon, so that in 
one of the compartments there will be an oxidised body 
which will readily give up its oxygen, and in the other 
compartment a carbon compound which may be easily 
oxidised. When these bodies come together thece should 
be an oxidation of the carbon and regeneration of the 
transforming substance, so that it does hot require renewal 

Reed expresses these changes in the form of equations 
as follows:—If the transforming substance is represented 
by T, then by its oxidation we have - 
T+0=TO, 

and by its combination with carbon we have 
T+C=TC. 

When the compounds TO and TC come into Tsontact by 

* Journal ol the Frtaklin Inetitace, VoL CILIL.^j. 1,1396. 
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diffusion through the porous pot, they react, giving rise tcf 
the E.M.F., and the transforming substance is regenerated 
according to the equation 

2TO+CT=CO a +3T. 

1 The heat evolved by the first two reactions should be as 
low as possible; but the last reaction, since it gives rise 
to the E.M.F., should be highly exothermic. , 

The question of regeneration is no doubt a very 
important one, for if automatic .regeneration is possible, 
then we may employ a costly electrolyte, which would 
otherwise rendef the cell commercially impracticable. It 
is also important, o^i account of cheapness, that the plates 
should be indestructible; but if ^oth plates are to be 
indestructible, the cell becomes limited to the gas cell 
type, and the field of investigation is much restricted. 

A good deal of difficulty is experienced in attempting to t 
put these principles into practice. But although an ideal 
transforming substance is not easily found, there are many 
substances which fulfil the requirements to some extent, 
and which will indirectly give the required result. 
Curiously enough none of these appear to be metals. 

As an example of how these principles may be applied, 
Iteed takes two transforming substances, viz., sulphur and 
water, which act together. The fuel is carbon, and 
atmospheric oxygen is the oxidising agent. The method 
of working is indicated in Fig. 208 
A retort K contains sulphur at I, carbon at F, and a pile 
of stones at J, on which water is allowed to drop through 
the tube T*. The retort is heated by burning sulphur at 
D, the resulting sulphur dioxide passing out of the furnace 
by the opening S, and being stored for subsequent use 
The heating of the retort causes the sulphur at I to be 
vaporised^and to combine with the red-hot carbon at F 
to fc*m carbon bisulphide. But when this comes into 
contact with/he steam formed at J, it is decomposed with 
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%ie result that sulphuretted hydrogen and carbon dioxide 
are formed, according to the equation— 

CS a +2H a O-2H 2 S+Cq a . 

As a net result, therefore, of these two sets of reactions w« 
have SOj from one, and a mixture of H s S and C0 a from • 
the other. These gases are passed through water, giving 
two solutions, viz., one of sulphurous acid and the other 
of sulphuretted hydrogen, the small amount of carbon 
dioxide in the latter being of no importance. Finally, 
these solutions have to be used so that the sulphur and 
water are regenerated, and the heat of the reaction is 



transformed into electrical energy. Feed attempts to do 
this by separating the solutions by a porous partition and 
immersing a carbon plate in each. Tire solutions meet, by 
diffusing through the porous pot, and react, with the result 
that the sulphur and water are regenerated according to 
the following equation 

2H,S+S0,= 2H,0 + 3S. 

It is, however, impossible, that any satisfactory genera¬ 
tion of electrical energy should be so effected, for this 
reaction continues equally on open circuit The <*11 is not 
realty a chemical cell, but a liquid cell like tha* of 
Becquerel, which accounts for the smallness ok the E.M.F. 
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observed by Reed, viz., 0'36 volt, whereas from the thermo- 
chemical data the E.M.F. should be 0'63 volt. Even if 
the higher E.M.F. were obtainable, such a cell would be 
commercially useless on account of the large amount of 
lodkl action. These objections apply to Reed’s principle 
as a whole. 

UTILISATION OF FREE OARBON.—The cells which 
we have so far discussed have been attempts to use carbon 
monoxide. We will now pass fo the consideration of cells 
in which free carbon is used as the active material. One 
of the greatest difficulties, as already explained, is that 
of getting the carbon to pass into solution as an ion. 
According' to A. Coehn* this caij actually be effected by 
electrolysing sulphuric acid under certain conditions with 
an anode of carbon. A deposit, apparently of carbohydrate, 
is obtained upon a cathode of platinum. , 

1). Tommasi, many years ago, suggested a cell consisting 
of carbon opposed to lead peroxide in sulphuric acid: the 
carbon is the negative pole and it is supposed to be 
voltaically consumed. But the E.M.F. does not correspond 
to the thermo-chemical data on that supposition, and the 
Author finds that if platinum is substituted for carbon the 
E.M.F. is quite as high though the polarisation is much 
more»rapid. It does not therefore seem clear that the 
E.M.F. depends essentially upon the carbon; this may 
assist the depolarisation (regarding oxygen as a polarising 
ion) either through roughness of surface or through chemical 
removal of the oxygen, such chemical action not giving 
rise to dny appreciable EM.F. 

W. 41. Case states that carbon may be oxidised voltaioally 
by opposing it to platinum in a solution of potassium 
chlorate rendered acid with sulphuric acid ; and he 
describes a cell in which ferric chloride is reduced by 
carbon, but the E.M.F. is very smalLt 

• Zeitschrift fur Elektrochemie , 1896, pp. 541-642. 

t EUctrical World and Engineer, VoL XKXIV t p. 121,1899. 
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JACQUES’ CELL. —The cell which has aroused the 
greatest interest during the last few years is that which is 
due to W. W. Jacques* In this cell, wjiich is illustrated 
in Fig. 209, the carbon C is immersed in fused caustic 
aoda E; this is contained in an iron vessel I, which'also 
serves as the ether plate of the cell. A stream of air is 



blown through the caustic soda by the pump A,»and is 
distributed by a rose R, which is fixed just below the 
carbon. The whole cell is kept at a temperature of 400°C. 
to 500°C. by the furnace F. The stream of air causes the 
carbon to be oxidised to CO* which is said to mostly bubble 


The Mpriaem, VoL XXXVI, p. 768,1896. 1 
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up through the electrolyte and to escape. It is stated tisat 
the caustic soda is practically unchanged: a certain amount 
of carbonate, hoiyever, does form, and impurities are intro¬ 
duced from the carbon, with the result that the electrolyte 
ultimately becomes worthless. The formation of carbonate 
may be diminished by adding a small quantity of magnesia. 
- The E.M.F. of the cell is about 1 volt and the rate of 
discharge is said to be much higher than that‘obtainable 
from other cells of equal weight. 

In considering the theory of‘the cell, it is difficult to see 
bow a truly voltaic oxidation of carbon can take place, at 
least by mean? of the oxygen. This gas is forced into the 
electrolyte in thelmmediate neighbourhood of the carbon. 



NajO H Naj;0 H 


N» lOH 

Na jOH 
Na|OH 

t'iu. 210. —Reactions in Jacques' Cell 

It is unlikely that the oxygen should assume the function 
of an ion in the electrolyte, nor is it likely to be occluded 
by the carbon in a manner similar to that in a gas cell. 
.And even were there such an occlusion, there is no resem¬ 
blance to a gas battery, in which the oxygen is occluded 
by the plate that i3 away from the substance to be oxidised. 
Here, however, the oxygen is forced directly on to.the sur¬ 
face of th» carbon, which it is desired to oxidise voltaically, 
and consequently any oxidation by the oxygen is more 
likely to be due to ordinary chemical action, or possibly to 
local action, but not to oxidation of a polarising carbon ion. 

Omitting, for a moment, the part played by the oxygen, 
letfms suppose that the carbon is acted upon voltaically by 
the caustic soda, as indicated in Fig. 2J0. The carbon is 




CARBON-CONSUMING CELLS. 


441 


oxidised to ('(OH),, or carbonic acid, and sodium appears 
as the polarising ion on the surface of the iron vessel. 
This reaction, as it stands, is an impossibly one, because it 
is endothermic. The heat of formation of the carbonic 
acid is less than that of the four molecules of caustic Sofia* 
which have to be broken up, and therefore the reaction 
will not take place. Moreover, iron is electro-positive to 
carbon, amt would be rendered still more so by the polar¬ 
ising sodium, llut if the iron is coated with oxide, it mav 
become electro-negative to tile carbon, and at the same time 
it may act as the, depolariser, oxidising thy sodium. It 
therefore appears that true voltaic action is unlikely to 
take place if pure iron is used as one of the plates, lmt 
that it might possibly d<f so if the iron is oxidised, which 
is an additional reason why the stream of oxygen should be 
directed on to the iron rather than on to the carbon. 

'there has been much discussion * as to the origin of the 
E.M.F. in this cell, and a good deal of evidence has been 
brought forward in support of the view that the E.M.F. 
is really thermo-electric, the iron being the hot junction, 
and the carbon, cooled by the air, being the cold one. For 
example, according to C. J. Reed, if the carbon is replaced 
by iron, so that both plates are of the same material, the 
E.M.F. is increased instead of being diminished. If the 
stream of air is replaced by one of coal gas the effect is 
much the same. Further, when the temperature rises on* 
first applying the heat, the carbon is stated to be at first 
electro negative to the iron, and then electro-positive. 
Below the temperature at which the electrolyte Jias any 
chemical action on carbon the E.M.F. is considerable, and 

•t 

increases with the temperature to nearly one volt, after¬ 
wards diminishing to zero, the carbon then becoming 
electro-positive; the second maximum does not differ 
much in value from the maximum electro-negative value. 

These facts, however, do not prove definitely that ?he 

♦ AmericanJZUctAcian, Vet IX. P 1897, and Vol. X., 1898. 
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action is purely thermo-electric. If, for example, the two 
iron plates in the above experiment are not at the same 
temperature, whjch is doubtless the case, the solution of 
a given quantity of the one plate may evolve more (or 
lesfj energy than the deposition of the same quantity at 
the other plate, with the result that there will be an 
E.M.F. in the circuit apart from any thermo-electric effect. 
This is on the assumption that the reactions are the same 
at the two plates, necessitating an electrolyte with iron 
ions throughout. The conductivity of the hydroxides of 
iron at this Jemperature may, perhaps, be sufficient for 
this purpose. ,Or the reactions at the two plates may be 
different and theta may be an E.M.F. due to iron coupled 
with whaf is supposed to be iron, *but is really an oxide of 
iron formed by the action of the electrolyte. 

It is difficult to separate cause from effect in a case of this 
Kind and to draw a definite conclusion as to whether the 
E.M.F. is voltaic or thermo-electric. In metallic thermo¬ 
electric junctions no chemical change takes place; but in 
the present case there is electrolysis, which may or may 
not be a secondary effect. The fact that the Peltier effect 
between metals and electrolytic solutions is much greater 
than at purely metallic junctions lends some support to a 
thermo-electric theory, for the Peltier effect may also be 
expected to be large between metals and fused electrolytes. 
Possibly the E.M.F. is both voltaic and thermo-electric.* 

The origin of the E.M.F. in sell of this kind is a ques¬ 
tion of scientific interest, but from the practical point of 
view it is of no importance. What is of the highest 
importance is fil e cost of running. Unfortunately there 
are mSnv causes of inefficiency in this cell In all cells 
using a fused electrolyte there must be a loss in main¬ 
taining the electrolyte in a state of fusion. In this 
particular cell there must also be a large amount of local 
action. The carbon dioxide formed is sqid to escape, bnt 

* Hftbe# and X. Bruner (Electrical Revie w , New ¥ork, VoL 

p 614 1904} conclude that the oeilia merely* hyhroge* -oxygen gae oell 
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lllihu Thomson states that this is not so when tho cell is 
in action, and that carbonate is formed; thus the life of 
the electrolyte, which is expensive in first cost, is also 
short. According to C. J. Reed, the efficiency only amounts 
to about 8 per cent., and the cost of raw material is at iiasi 
thirty-four times that for a good steam engine, while the 
residue or “ ash ” from the battery would weigh ten or 
twelve tithes that from a corresponding steam plant. It 
is therefore not surprising that the extravagant claims put 
forward by the inventor have not yet been justified. 

BLUMENBERG’S CELL.—This cell, which is illustrated 
in Fig. 211, closely resembles the Jjcqlies cell. The 



Fra. 211. -Blum«nberg’» CdL 


carbon C is immersed in an electrolyte of lime, cryolyte 
and caustic soda A, which is contained in an iron or copper 
vessel D forming the other plate of the cell. In -place of 
air a stream of superheated steam, generated in the toiler 
B, ’is forced into .the electrolyte. The function of the 
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electrolyte is to oxidise tho carbon; its regeneration 
effected by the steam which is decomposed. Instead of 
the electrolyte named, any electrolytic “ oxygen bearing ” 
comjioiind may 1 m! used. 

XKs cell upi>ear8 to be open to all the objections urged 
against the daeques cull. The only substantial difference 
between the two is the use of steam in place of air; 
whether this is an advantage or disadvantage, beyond the 
elimination of the pmup, it is difficult to say; but in any 
ease local action seems to lie favoured as far as possible by 
dilooting the steam against the carbon. No tests appear 
to have lieeu (nude public, and it is unlikely that the 
problem of th6 vpltuic consumption of carbon is more 
effectively odved in tins cell than is in that of JacqueB. 

SHORTS CELL..i he cell due to II. S. Short is illus¬ 

trated in Fig. 212. The outer vessel E contains mollett 


Tt 


+ 

C 


Fio. 212. —Short’s ColL 

lea^at 6 above which is fused litharge (PbO), shown at A. 
Into the Ijtharge there dips an iron vessel D which is 








OARBOH-OOH80MIHO 0SLL8. 


447 


perforated at the bottom and holds the'carbon C. The 
negative terminal T, is attached to the vessel D, while the 
positive terminal T, passes into the lead B. W« have 
therefore, what amounts to a plate of carbon opposed ti 
one of lead in an electrolyte of fused litharge. As th< 
carbon is oxidised by the litharge metallic lead is formed 
as indicated in Fig. 213, and the oxide can be re-formei 
as desired bv blowing air through the tube H. 

The voltaic E.M.F. thus appears to Ik- due to th< 
difference in the heats of oxidation of lead and carbon 
and would in that case approach a zero value (or b< 
slightly negative) if C0 2 were produced, uqd be negative h 
('(I were the product (t>.. CO could«nnt be produced). 
Tli ■ K.M.F. thco-fore # is unlilcdv to be collide, and is 

Ps e 

P; 'Y, , 


Fig. 213.— Reactions in Short 'h Cell 



probably thermo-electric. The use of a metal and an 
oxide in the way suggested is advantageous in that the 
electrolyte is readily regenerated in situ, the lead ifhich is 
reduced by the action of the cell being re-oxidised by % 
atmospheric oxygen. This is important, as it reduces 
both cost of material and cost of handling. , 

HEATING OF CELLS.—In a cell employing fhsed elec¬ 
trolytes there must always be some waste of energy in 
keeping the cell at the required temperature. In order to 
minimise this loss, W. 8. Rawson employs a method of 
internal combustion which forms the subject of a patent, 
and is applicable to batteries which generate a current by 
the action of a "fused salt upon a molten metal or iuloy, 
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the salt and metal being separated by a porous partition? 
The method consists in passing into the metal a mixture 
of a gas (for example, water gas) and air in such propor- 
tions^that combustion takes place within the metal, the 
g® always being maintained slightly in excess, so as to 
avoid oxidation of the metal. The carbon monoxide and 
hydrogen of the water gas bum to carbon dioxide and steam, 
which may be reconverted into water gas by* passing 
through thq ordinary generator instead of raising steam for 
that purpose. 

JflNGNBB’S tlBLL.—The oell by E. W. Jungner* is 
based upon the ide^of breaking up sulphuric acid by means 
of oarbon, ^cording to the equation 

2H a S04+C=C0 1 +2S0 ! +2H,0, 
the acid being quite strong, or even concentrated, and hot. 
Coke, or similar amorphous carbon, is used as the electro-* 



Tig. 214. — -Re presentation of Jungnsr * (ML 

posftivs element, and graphite as the electro-negative. The 
latter is so made that air is forced through it, or against it, 
Nitrosyl sulphate (presumably the acid sulphate NOHSO,) 
is added to the sulphuric acid, and it is stated that when 
the oell is in action the nitrosyl sulphate is reduced by the 
coke anodh„and i£ re-oxidised by the stream of air at the 
cathode? The method is shown as a diagram in Fig. 214. 

An extension of the idea seems to be to use the 80, so 
formed in a gas cell containing a porous partition. The 

• BritUfe patent* No*. 15,727/1906, 5,216/1908 and 5,223/1908. 
CmtrfPbM far Accumulator!*, Vol. VIII., p. 58, 1907. JRaSrodMeal 
liwhuOy, Vol VL, p. 259,1908, » 
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sulphur dioxide it ltd into one tide containing sulphuric 
•did u the electrolyte, and air or oxygen into the other tide 
containing nitroeyl anlphate in sulphuriaacid. The idea it 
to oxidiae the SO, into sulphuric acid acoording tg the 
reaction * 

S0,+0-|-H,0=H,S0„ 

thus giving a oyclic process by means of the two oella. 



Flo. 215.—Jnngncr's Cell. 


The proposed construction of the carbon cell is shown 
in Fig. 215. The coke anode is seen at A at the bottom of the 
containing vessel, and is covered with a perforated graphite 
plate, B. The graphite cathode C is cofitained < i6 a porous 
pot, P, and is kept away from the bottom of this by a per¬ 
forated plate, D, of ebonite, or some such material. The 
particles of graphite should not be so small as to draw up the 
liquid into the spaces by capillarity. The negative pole 
is a graphite rod fitted into the graphite plate I? aqf[ the 
positive pole ie similarly a graphite rod fitted injo a graphite 
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plate, K. Air is forced under the graphite cathode through 
the tube T, and escapes by the tubes t x , l 2 . The cell is pre*' 
ferably heated, and is stated to have an E.M.F. varying 
from 0-0 to 0-3 volt. 

•JuSging by the reactions here described, there is no 
reason to think that such a cell can be successful. The 
oxidation of the coke does not take place voltaically. It is 
an ordinary chemical oxidation, the reduced electrolyte 
being possibly (if the nitrosvl sulphate is involved) re¬ 
oxidised at the cathode. It is rflore than doubtful if any 
ions enter intf> the process. Moreover, concentrated 
sulphuric acid in but a poor conductor. 

EMISSION OF ELECTRICITY FROM OARBOKB AT 
HIGH TEMPERATURES.—F rom the theoretical point of 
view, it is interesting to note that if we have two carbon 
rods with their ends near together in air, and one of them is • 
heated to a high temperature, a current will flow from the 
cold rod to the hot one across the gap when their remote 
ends are metallically connected together. Currents varying 
from O f to 0-8 ampere were obtained in this way by J. A. 
Harker and G. W. C. Kaye,* but such a method of obtaining 
electricity direct from carbon can scarcely give results of 
practical importance, owing to the difficulty of maintaining 
high tefnperatures, except by considerable expenditure of 
power. 

These various attempts to solve the fascinating problem 
of the direct production of electrical energy from carbon 
are very interesting from the scientific standpoint; but 
the results are discouraging, and the difficulties to be over¬ 
come appear to be so numerous that there does not seem to 
be any very great hope that commercial sucoess will be 
achieved, at least at present. 

--- — . . . 

*PrKM^*s<, Royal Society, Voi. LXXXVL, p. 879, 1918. 
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